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SYNOPSIS 
SYNOPSIS 
The use of insoluble anodes has become critical to the VIability of horizontal 
electroplating equipment. Despite this there have been few reported studIes on the 
impact of using such anodes on the electrochemistry of acid copper plating solutions. 
A literature search therefore reviewed the different types of insoluble anode that had 
been previously utilized in sulphuric acid based electrolytes and from this a number of 
criteria were established that might be applied when selecting an insoluble anode for 
horizontal aCId copper electroplating. 
A 'life study' was then carried out to compare two electroplating baths, one operating 
with standard copper anodes, and the other Insoluble anodes. An important finding 
from this study was that the bnghtener consumption rate was some 80 tlmes higher 
when the latter type of anodes were used and this led to problems In terms of control 
of the plating bath and the mechanIcal properties of the electroplated depOSIt. Further 
work then establIshed that this sItuation appeared universal to all of the commonly 
employed acid copper brighteners. 
Following on from the lifestudy, subsequent won was directed to finding means of 
decreasing the consumption rate of the bnghtener employed in this work, namely bis-
(3-sodlUm sulphopropyl) disulphide sodium salt (BSDS). A novel technique was 
developed that used 'sacnficial species' to reduce the high brightener replenishment 
rates normally seen when msoluble anodes are used. For example, in a particular 
plating test the addition of only 2 gIl L-ascorbic acid caused the brightener 
consumption rate to fall from 27.3 mglAhrI to 8.7 mglAhrI. Additional work also 
indicated that an interaction between the chlonde and carrier in the bath had a 
significant impact on brightener oxidation. 
In the final part of the thesis, an attempt has been made to estabhsh the mechanIsm by 
which brightener is oxidized at insoluble -anOdes}t is proposed that in chlonde free 
electrolytes the differences in brightener c~ns!Imption observed on various insoluble 
anodes are related to their propensIty to generate hydroxyl radicals. However when 
chloride IS present, it is the ability of a particular anode to produce OXIdized chlorine 
species that is the most important factor. 
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INTRODUCTION 
1. INTRODUCTION 
1.1 The Origms Of The Pnnted CIrcUIt Board (PCB) 
Like many inventions, It IS difficult to pmpoint the exact moment when the printed 
circuIt board was conceived. Between 1903 and 1933 several patents had been 
ISSUed descnbing methods for producing a circuit on a dielectric l . However, it was 
not untIl 1934, when Paul Eisler established that lithographic methods used in 
newspaper manufacture could be adapted to print the pattern of a circuit onto 
copper or other materials, that it could be truly satd that the printed CIrcUIt board 
had been born2• 
DespIte this breakthrough, Eisler's development dId not gatn recogmtIon untIl 
World War 2 when, dunng the Battle of Bntain, It became apparent that a 
sigmficant number of Bntain's antI-atrcraft shells were fathng to explode due to 
reliabIlity Issues surrounding the copper winng in the proXInllty fuses. These WIres 
were replaced by Eisler's pnnted CIrcUIt boards and later In the war, when Germany 
launched its rocket attacks, these new proximity fuses accounted for the destruction 
of some 4000 V-Is. 
1.2 The PCB In 2002 
The advent of the transistor in 1947 led to the gradual demise of the thermionic 
valve and serious miniaturization could begm to take place. By 1958 the 
estabhshment of the Integrated circUIt (lC) meant that solid-state components such 
as tranSIstors, capacItors and resIstors could be Interconnected onto a single board). 
Smce this tIme three main categories of PCB have evolved; 
I) smgle sided boards - this is the simplest type of PCB and has a conducting 
cIrcuit and components on one side of the board only, 
ii) double sided boards - these have a conducting circUIt on both sides of the 
board which are connected VIa dnlled holes in the board, and 
1 
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Hi) multi-layer boards (MLBs) - these have at least three layers, two of which 
are on either side of the board whilst the others are embedded In the 
insulatIng board. Once agaIn, the various conductJng circuits are connected 
by through holes and vias. 
Figure I charts some of the innovations that have driven the electronics industry 
over the last 70 years along with the concurrent nse in microprocessor speed. 
Over the last 40 years there has been a huge growth In the electromcs industry. 
Consumer products such as teleVisions, camcorders, CD players and electronic 
games are now filled With a plethora of electromc components. Household 
apphances have digital controls and onboard computers are incorporated into many 
cars. Electronics are now essential to aircraft navigation, medical Instrumentation 
as well as computers and commumcatlons where the emergence of the Internet, 
servers, storage devices, laptops, notebooks, displays and pnnters has had a massive 
impact on the industry. In addition, one of the main dnvers for growth in the last 10 
years has been the mobile phone. 
To pack this array of electronic components into such products has required 
miniaturization Although single Sided boards still have therr niche, double sided, 
flexible and lugh count multilayer boards are now more commonplace. The tracks 
on these boards are becoming finer lined and, as a consequence, the diameters of 
the plated through holes are becoming smaller. 
Indeed, the practical hrrut of the MLB is beIng reached and the emergence of the 
micro via is being seen (see Figure 2). These are very fine holes incorporated into 
high density mterconnect (HD!) structures, which have additional surface layers. 
Table I illustrates these trends in manufacturing parameters and it can be seen that 
by 2005 the Incorporation of optoelectronics into MLBs is expected. 
Table 2 indicates that In 200 I there was a global downturn In the electronics 
industry the recovery from which was retarded by the terrorist attacks of September 
2 
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11111. Consequently, the number of PCB manufacturers m Western Europe and 
North Amenca has declined dramattcally. These factors have also accelerated the 
movement of low-technology PCB production to South East Asia and Chma 
leaving Europe and North America with the high-technology end of the market. The 
PCB manufacturer in 2002 has therefore been faced with the dIlemma of producing 
more complex boards, of higher and higher quality, whilst keeping costs down and 
improvmg producttvity. 
1.3 Horizontal Processing 
The above discussion has demonstrated that the development of more automated, 
> 
high throughput techniques for the manufacture of PCBs IS cruCIal to the SUrvIval 
of the mdustry. 
Before the 1990s vertical batch processing of PCBs had remained unchallenged 
since large-scale production began some forty years earlier. However, the need for 
MLBs, the processing of thin core material, and the requirement to improve 
efficiency and maximize throughput have led to the development of horizontal 
processing techniques. 
Horizontal processing eliminates the need for manual handling of boards, is more 
capable of transporting thIn core material, reduces cycle time, is less labour 
intensive and improves yields. Such processing also allows for more effiCIent 
solution movement and thus the volume of chemistry reqUIred for a particular stage 
can often be dramatically reduced, as can the amount of nnse water used. 
Manufacturing costs are therefore cut and effluent productIOn is mimmized. In 
addition, the modular deSIgn of such equipment allows for local and more 
profiCIent extractton. 
Acid copper electroplating is an integral part of the PCB manufacturing process 
(see Figure 3). Due to current carrymg requIrements the conductors, through holes 
and VIas of a PCB have to be buIlt up to a specIfied thickness. Electroplating can 
3 
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take place eIther before the Image of the circuit is apphed (panel plating) or after 
(pattern platmg). 
This process has tradItionally been performed vertically wluch means that after 
'Making Holes Conductive' (MHC) the boards must be removed from the 
honzontal equipment and jigged for electroplating. Due to geometrical, fluid flow 
and electrochelTI1cal constraints of vertical plating, copper electrodeposition, 
depending on the board type, can take from 60 to 100 mmutes (and this is 
excludmg the time required for pre-treatment, rinsing and post-treatment). Table 3 
detruls typical times used for verucal and horizontal processmg of MLB boards, 
through desmear, electroless copper and aCId copper electroplate. It can be seen that 
after desmear and electroless copper a fivefold reduction m processmg times has 
been achieved with the honzontaI line compared to the verucal one. However, by 
the end of electroplating stage the advantage, m time at least, of usmg horizontal 
processmg has almost been lost 
Table 3 also indIcates that for a horizontal process, electroplating the board is 
responsible for 85% of the total processing time. When one considers that the 
subsequent stages of the manufacturing route (image, etch, stnp) are carned out 
horizontally it can be seen that a bottleneck develops at the electroplating stage. 
Attempts to shorten the dwell times required for vertical plating have involved such 
teclu!iques as pulse plating (which allows higher current densities) and/or eductors 
(which improve solution flow), but even if some reduction in plating time is 
achieved the boards still have to be removed from the horizontal processmg line 
and jigged for vertIcal plating. 
Atotech was the first company to really pursue the development of honzontal 
electroplatmg equipment but more recently companies such as Schmid, Hollmuller, 
PIOneer and PAL have also entered the market. However, it is questionable whether 
an ideal system has yet been developed. In theory these honzontaI platers would 
have the advantage of allowing boards produced in the MHC horizontal machines 
to be fed directly mto them. On leaving the plating equipment they can then in turn 
4 
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be fed mto the next set of horizontal processmg machmes thus removmg the 
bottleneck prevIOusly descnbed and enabling a complete honzontal manufacturing 
process. 
This is not quite the sItuation in practise at the moment as, to obtam the desired 
electroplate thickness on the boards, the machines tend to run at slower speeds than 
the MHC lines (running at the same speed would require machines of an enormous 
length which would be impractical in terms of plant floor space and expense). But 
certamly for inner layer boards (whtch only require a thin copper electroplate) this 
is a practical process and even for boards that reqUIre full build copper (I.e. 25 Jlm) 
plating a 10-15 Jlm deposit of copper (a flash) using a horizontal electroplate 
machtne can significantly reduce the subsequent vertical electroplatmg time. 
5 
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2. ACID COPPER ELECTROPLATING IN THE PCB INDUSTRY 
2.1 The Electrochemistly Of Acid Copper Electroplatmg 
For acid copper electroplating to occur an external voltage must be applIed to dnve 
the current through the cell. Under these circumstances the cathodic potential shifts 
to more negative values, whilst that of the anode slufts to more positive. These 
changes in electrode potential away from the equilibrium potential are known as 
polarizations and the potentials at which the electrodes are now operating as the 
overpotentials (11). 
In the electrolytic deposition of copper from an acid copper plating solution three 
types of polarization are normally considered. 
I) Activation Polarization 
When electroplating from an acid copper electrolyte the desired cathodic reactIon 
is; 
Reaction 1 
The reaction is being controlled by the rate of electron transfer and this creates an 
overpotential (the activation overpotential). The activation overpotentlal must be 
overcome if deposition is to occur and can be regarded as an energy barner (see 
Figure 4) 
Figure 5 shows an idealized potential (E) versus current (I) plot for the cathodic 
copper plating process. The part of the curve A-B is SaId to be to be under 
activation polarization control and the activation overpotential (11,cU can be 
descnbed by the cathodic Tafel equation; 
11 act = 2.303RT logio - 2.303RT logi EquatIOn 1 
zF zF 
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where; 
io = the exchange (or equilibrium) current density 
i = the local (or observed) current density 
R = the gas constant 
T = the temperature (Kelvin) 
z = the number of electrons 
F= Faradays constant 
and. 
where. 
El = the potential when current is flowing. and 
Eeq = the eqUIlibrium potential. 
The simplified version of the cathodIC Tafel equation is therefore. 
T]act = a - belog i 
Equation 2 
EquatIon 3 
where a and be (the cathodIC Tafel slope) are constants that depend on the 
mechanism of the reaction. Thus. a plot of E against log 1 WIll produce a straight 
line for this part of the curve the slope of which. be • WIll depend on the kinetics of 
the reaction i.e. a low Tafel slope would suggest a kinetic ally easier reaction. 
At a soluble copper anode the equivalent reaction is copper ion formation and the 
charge transfer energy here is that associated WIth the dissolution of copper ions 
from the copper metal crystal lattice. With insoluble anodes the reaction would be 
the oxidation of water to evolve oxygen. In either case the simplIfied vemon of the 
Tafel equation for an anodic process is; 
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l]act = a + balog i Equation 4 
where ba is the anodic Tafel slope. 
h) Concentratlon Polanzatlon 
As the potential at the cathode is made more negative the reduction of copper Ions 
Will become faster. The concentration of copper ions near the electrode surface will 
rapidly deplete and a concentration gradient Will be estabhshed. For copper plating 
to proceed, copper ions must be transported from the bulk electrolyte to the surface 
of the cathode. The process is now said to be under mass transport (or transfer) 
control (zone B-C in Figure 5). 
The Nemst diffusion layer is most often used to descnbe this concentratlon gradient 
and a limltlng current (iJ for copper depOSItion Will be reached when the metal Ion 
concentratlon at the cathode surface (co) falls to zero. This hmitlng current is 
described by the Nemst-Flck equatIOn assunung that the electrolyte is highly 
conductive (as IS the case m acid copper electroplatmg solutlons), 
where; 
D = diffusion coefficient 
Cb = concentration of copper ions in the bulk solution 
&. = Nemst diffusion layer thickness 
Equatlon 5 
In aCid copper electroplating, a rough red brown, powdery deposit IS formed 
normally descnbed as 'burnt' at the cathodiC linuting current density. 
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To minimize burning the current density can be reduced (by adjustmg the applted 
current or the cathode area) but it also follows from Equation 5 that this can be 
achieved by ralsmg the hmitmg current I.e. one can, 
i) elevate the temperature - thiS WIll increase the diffusion of ions to the cathode 
and thus the diffusIOn coefficient will become larger, 
ii) raise the copper concentration (Cb), 
iii) improve solution agitation - this will reduce the diffusion layer thickness (~). 
Once the hmiting current denSity for the cathodic reaction has been surpassed, 
hydrogen evolution WIll occur. 
Figure 5 shows how the types of polarization described above will influence the 
electroplated copper deposits. It is vital that for the deposit to pass the rigorous 
thermal shock testing applied to PCBs that it has a uniform polycrysta1Iine structure 
and thus operating the plating process within the correct area of the current -
voltage curve is essential. 
iit) Resistance Polarization 
This type of polanzation can occur If a 'bamer' exists on the surface of the 
electrode. la the case of acid copper electroplating this might be caused by the 
presence of adsorbed organic additives that Will inhibit the flow of metal ions to the 
cathode surface. 
Taking these three types of polarization into account the followmg equation can be 
used to descnbe the total voltage requlfed to bring about a particular 
electrochemical reaction. 
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Equation 6 
where, 
Ereu = voltage required for reacUon, 
EAeq - ECeq = equihbnum potenuals of the cathode and anode respectively, 
I 11. I • I 11c I = the combmed overpotentials due to activation, concentration and 
resistance polanzation for the anode and cathode respectively, 
I = current and, 
nsoln = resistance of the solution between the anode and the cathode. 
All three types of polanzation have important imphcatlons for the chemistry used in 
an mdustnal acid copper electrolyte, and the design of the plating cell. In addition, 
it can be seen that the potential, Tafel slope and limiting current of a particular 
electrochemical reaction, be it cathodic or anodic, can impart much information 
about the mechanism and kinetics of that reactIOn. 
2.2 The Chemistry Of Acid Copper Electroplating 
Figure 6 shows a schematic of a horizontal electroplating cell uUlizmg 
phosphonzed copper* pellets which are held Wlthm a titanium basket anode whilst 
the cathode is the PCB to be plated. The source of metal Ions is copper sulphate 
pentahydrate (CuS04.5H20) whilst sulphunc acid (H2S04) is added to make the 
electrolyte highly conductive. 
Thus, the desired reaction at the cathode is, 
Reaction 1 
and at the anode, 
Reaction 2 
• Phosphonzed copper anodes are used pnmanly to prevem dJsproporuonatJon and to proITl)te dIssoluuon. 
10 
ACID COPPER ELECTROPLATING IN THE PCB INDUSTRY 
However, Industrial acid copper electroplating baths also contain chlonde IOns 
(Cn, and organic additives. To understand why these are added it is necessary to 
consider these reactions in a little more detaIl. 
It is now generally accepted that copper deposition from an aCid sulphate electrolyte 
occurs via a two-step process6• 
Reaction 3 
Reaction 4 
Reaction 3 is the slow rate detennining stage of the process, whereas ReactIon 4 
occurs relatively rapidly. 
The chlonde ion has an Important role to play in these reactions. In the absence of 
any other additives It wIll promote the reduction of copper at the cathode7-B. This IS 
understood to be due to the formation of Cl-Cu2+ -surface ligands rather than the 
H20-Cu2+-surface lIgand that exists in a chloride-free bath. The former lIgand has a 
shorter bond length thus faCIlItatIng much easier electron transfer i e. the actIvation 
overpotentlalls more easily surmounted. 
However, If polyethylene glycol (PEG) type compounds are present in the platIng 
solution (generally termed 'carriers') the effect of chlonde is completely the reverse 
of the above and it will inhibit copper reductIon6-7. 9-13 I.e. It will polanze the copper 
reductIon reactIon. It IS considered that this is due to the formation of PEG-Cl' 
complexes that are more eaSily adsorbed on the surface of the cathode than the 
polymer alone (indeed it has been shown that, in the absence of chloride, the 
polymer has almost no effect on copper depOSItIon). It is thought that these 
adsorbed complexes either inhibit mass transfer of copper ions to the surface of the 
cathode (i.e. Increase resistance polarization) or may simply reduce the number of 
available sites on which copper reduction can take place (or possibly a combination 
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of these two may occur). Throughout thIS study the carner used was a 300,000 
molecular weIght polyethylene OXIde (PEO) compound. 
Brighteners are also present in acid copper electroplating solutions at levels of 
typically around I mgll, and are believed to accelerate the reduction of copper IOns 
i.e. they depolarize the reduction of copper ions to more posItive potenuals. 
Exactly how these compounds achieve this has been the subject of numerous 
invesugauonsI4'17. The brightener employed in this study was (bis-(3-sodium 
sulphopropyl) disulphide, sodium salt (BSDS) and it has been proposed that this 
compound can react in the following way to form thiol compounds WIth cupric 
ionsl8• 
The OxidationlReductioD Cycle Of BSDS 
ReactIOn 5 
S-(CH2hS03Na + 2H+ + 2e- = 2H-S-(CH2hS03Na Reaction 6 
I (MPS) 
S-(CH2hS03Na 
(BSDS) 
4H-S-(CH2)3S03Na + 2Cu 2+ ~ 2Cu+-S-(CH2hS03Na + S-(CH2)3S03Na + 4W 
I 
S-(CH2)3S03Na 
Reacuon 7 
Reaction 8 
MPS - 3-Mercapto-I-propanesulphonic acid, sodium salt 
Electron transfer IS much easier through these thiol bndges and so copper 
deposiuon is enhanced. 
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Used in conjunction With carrier and chloride these brighteners will produce a 
bnght copper deposit With good mechanical properties (elongation and tensile 
strength), which are capable of Withstanding the rigorous thennal cycle testmg 
applied to PCBs. 
The topography of the copper laminate surface of a PCB to be plated can be 
pictured as a series of peaks and valleys. It is thought that on entering the plating 
bath the PEG-Cr complex adsorbs unifonnly over thIs surface. However, the 
copper thiol species will then displace this complex, primanly from the low current 
density regions i.e. the valleys on the surface of the board and the through holes, as 
shown in Figure 7. Again the exact mechanism for this displacement IS unclear. 
Thiols have a great affimty for copper and it may simply be easier to displace the 
polymer-Cr complex from these low energy sites than from the high current density 
peaks where the complex may be more strongly adsorbed. In this scenario copper 
deposition is mlnblted in the Ingh current density areas, due to the presence of the 
polymer-Cl complex, and accelerated m the low current density areas. Thus a 
smooth, bnght, evenly distnbuted copper depOSit, with good crystalline structure is 
formed on the surface and through the holes of the PCB. 
2.3 Throwing Power And Distribution 
In terms of PCB manufacture, throwing power is basically defined as the ratio of 
the thickness of copper deposited at the centre of a hole to that deposited on the 
surface of the board. 
ThroWing power is an extremely important factor in the electroplatmg of PCBs, as 
It Will determine the time reqUired to carry out this stage of the manufacturing 
process. If the throwing power is high then It will take less time to achieve the 
minimum reqUired thickness in the centre of the hole. This Will also reduce the 
amount of copper deposited on the surface of the board which is important in terms 
of the plating of fine pitch Imes (for pattern plating) and reducing the amount of 
copper which needs to be subsequently etched off when panel plating IS employed. 
13 
ACID COPPER ELECTROPLATING IN THE PCB INDUSTRY 
Distribution is simply the distnbution of copper thickness across the planar surface 
ofaPCB. 
Throwing power can be thought of as the change in the current density at given 
point on the board With the change in potential. If one considers the effects of 
activation, concentration and resistance polarization previously descnbed, then it 
follows that throwing power in an acid copper electroplating bath is governed by 
the following factors: 
i) board difficulty, 
h) Tafel slope for the depositIOn reactIOn, 
hi) ohmic resistance of the solutton, 
iv) agitatIOn (air spargmg, eductors etc) and, 
v) current denSity 
The board difficulty is nonnally defined by its aspect ratto, i.e. the ratio of the hole 
diameter to the board thickness. Values vary from I: I on simple boards to 10 or 
20: 1 for some high-tech applications. Hence a thick board with small diameter 
holes will be tenned as high aspect ratio. In such a situation the solution flow in the 
hole is limited and will lead to concentratton polanzatton and poor throwing power 
i.e. the supply of copper ions will be reduced and the limiting current Will be 
reached more quickly. It will also be seen that the centre of such a hole is a greater 
distance from the anode than the surface. This additional resistance has to be 
overcome and will have a negative impact on the throwing power. 
Therefore, to Improve throwmg power on an existtng platmg cell one can, 
I) improve the conductivity of the electrolyte (e.g. by raising the acid 
concentration), 
11) lower the current density, 
m) mcrease the Tafel slope for the deposition reaction (therefore reducmg the 
change in current denSity With potenttal), 
IV) improve agitation uniformity (to minimise stagnation and copper ion depletion), 
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v) reduce the resistance between the anode and cathode by minimizmg the anode 
to cathode distance. 
VI) oplimlze the organic addillve concentrations and. 
VIi) minimize the effects of primary current dlstnbulion (see cell geometry) 
The surface distribution is affected by the same factors as throwing power (With the 
obvIOUS exception of board difficulty) and also by primary current distribution. The 
primary current distnbution can be defined as the current distnbution over the 
cathode due to the geometry of the plaling cell assuming mass transfer and charge 
transfer effects are negligible. Figure 8 shows the pnmary current distnbulion for a 
particular electrode geometry. It Will be seen that the current density at the edge of 
the cathode IS higher than at the centre and this is also the case in the plaling of 
PCBs where the edges of the board tend to have a higher plating thickness than the 
centre. wluch can give nse to poor distribution. 
It is important. therefore. to oplimise the cell geometry by. 
i) minimizing the distance between the anode and the cathode. 
ii) optimizmg the anode to cathode symmetry and. 
Hi) rediStributing the current density by the use of insulating sluelds on the anode 
It can be seen from the precedmg sections that in PCB manufacture it is essential 
for the acid copper electroplattng bath to produce a bnght deposit with good 
mechanical properties. Furthermore. the solution should have excellent throwing 
power and dlstnbution to produce an even copper thickness across the board and m 
Its holes and vias. To aclueve these ends the design of the geometry of the plating 
cell is cntical. but this must be coupled With the development of oplimized 
inorganic and organic plating bath chelTIlstry. 
2.4 Horizontal Electroplating Using Soluble Anodes 
To understand the challenges presented by horizontal electroplatmg it is necessary 
to consider a typical machine. 
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Schmid developed the Segmenta20 and a schematic of an early version of this 
machine is shown In Figure 6. It can be seen that the anodes are placed above and 
below the conveyor and consist of bagged tItaruum baskets filled with copper 
pellets. Electncal contact to the PCB is made via a segmented roller (hence the 
name). 
However, there are a number of problems associated with this and similarly 
designed equipment. 
1. Mamtenance 
The anodlc reaction in such a set up IS obviously copper dIssolutIOn. Hence, the 
copper pellets in the titanium baskets are gradually consumed and need 
replacing at regular Intervals. In vertIcal electroplating thIS can SImply be done 
by dropping copper pellets into the top of the basket, and can even be achIeved 
whIlst plating IS in operation. In honzontal processing thIS IS ImpOSSIble, and 
the machine has to be shut down wlulst the anode baskets are pulled out and 
refilled with pellets 
Another major problem IS build-up of copper on the conductive rollers. For 
plating of the PCB, electrical contact to the board must be made. In honzontal 
plating maclunes tlus is normally achieved via conductive rollers that are placed 
at intervals along the machine. An inevitable problem WIth these rollers is that, 
since they are also in contact WIth the electrolyte, they will become plated with 
copper. Therefore, to aVOId excessive bUIld-Up of copper on these rollers, some 
sort of stripping cell is required. 
WIth the Segmenta, the roller IS dIVIded up Into eight conductive segments that 
are msulated from each other. When an individual segment IS in contact with 
the board it is cathodic thus alloWIng plating of the PCB to take place. When a 
segment is opposite the board it becomes anodlc and IS stnpped to an aUXIliary 
cathode. Hollmuller use a similar system but have developed a solid conductive 
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roller that can apparently be both cathodic and anodlc at the same tJme. Even if 
these systems worked to 100% efficiency, (and experience In the field has 
shown that they do not) downtJme is stJll required to remove and stnp the 
auxiliary cathodes. 
Pioneer has overcome these problems to some extent by developing a conveyor 
whereby the contact to the board is made external to the plating cell. Atotech 
use a system whereby the boards are contacted USing clamps. These clamps are 
In a continuous loop so that when the boards are unclamped on leaving the 
machine the clamps pass through an etching system as they return to the front of 
the machine and are then ready for clamping the next set of boards. 
2. SolutIOn Flow And AgitatJon 
To achieve the high current densltJes deSired for horizontal plating, good 
solutIOn flow at the cathode IS required to prevent burning, and to allow for 
good throwing power and plating dlstnbution (see 2.3). 
The 'bagging' of soluble anodes is essentJal to prevent the black anode film 
formed dunng their operation entering the bulk solution. This is even more 
critical In horizontal plating since, during down time, the electrolyte flows to a 
sump and the upper anodes dry out. This film then becomes a powder and when 
the machine is re-started It would become dispersed into the electrolyte if 
bagging was not employed 
Honzontal processmg normally allows for excellent solution flow at the surface 
and through the holes of a peB, With the combination of flood boxes and spray 
bars. However, if bagged titanium baskets are used such a system cannot be 
employed and solutJon flow has to be directed around these obstacles or, as in 
the case of Figure 6, the spray nozzles have to be offset from the anodes. This 
causes 'blind spots', since the board is not directly under an anode. Although 
the board is continuously moving, this is not an ideal situatJon to achieve the 
best pOSSible dlstnbution. 
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Poor solution flow can also cause problems at the anode SInce, at high potentials 
With poor solution flow, the hlllitlng current for copper dissolution reactIOn will 
be reached and instead oxygen evolution will occur. This will quickly lead to 
passivatlon of the anode and plating will become impossible. 
3. Anode Size And Position 
One of the main contributions to good plating dlstnbution and throwing power 
is the size and position of the anodes in relation to the cathode (see 2.3). Ideally 
the anode should be placed as close as pOSSible to the board to attain these ends, 
but With titanium baskets this IS difficult because of the baggIng and the need to 
allow adequate solution flow to the board. 
Good plating dlstnbutlon can be helped with the use of anode slnelds that 
redlstnbute current from high to low current denSity areas. However, for these 
to work effectively the anode must be of a constant shape. With soluble anodes 
the dissolution of the copper pellets means that the shape of the anode Will 
graduaIly change with time and therefore the current distnbution will follow 
suite. SInce the anode shields are in a fixed pOSItion they will now be wrongly 
located and the surface thickness distnbution may become seriously affected. 
It Will be noted from the above diSCUSSIOn that most of the problems linked with 
honzontal acid copper electroplating are associated with the use of titanium 
baskets filled with soluble copper pellets. An alternative anode system is 
therefore cntical to the development of honzontaI plating. 
2.5 Insoluble Anodes In Horizontal Electroplating 
Figure 9 Illustrates a honzontaI electroplating module mcorporatlng msoluble 
anodes. Insoluble anodes (in some specific cases termed as dimenSIOnally stable 
anodes - DSAs) are generally made by coating a tltaruum mesh WIth a conductive 
metal oxide (typically iridium dioxide). Since they are insoluble they require 
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almost no maintenance. except for replacement at the end of their lIfetime (several 
ITI1lhon amp hours). No anodlc film IS formed on them and so there IS no problem 
when they dry out and no need to bag them. Consequently filtration becomes less 
of an issue. 
The anodes are a mesh. which allows solution to be pumpedlsprayedleducted etc. 
directly through them. Therefore. solution flow to the board and through the holes 
is excellent allowing for good throWIng power and distribution at high current 
densIties. These factors are also Improved by the possibility of placing the anodes 
m much closer proXllTI1ty to the cathode due to the fact that slots can be provided 
in the mesh for the rollers. This also means that the anode can be a continuous 
stnp and so no blind spots occur on the board. thus further enhancing 
distribution. In addition. any anode shields employed remam effective smce the 
anode shape is constant. 
There are. however. three issues surrounding the employment of insoluble anodes. 
Firstly. since the anode reaction is now oxygen evolution rather than copper 
dissolution. there Will be a drop in copper concentration as plating proceeds. 
Therefore. a copper replenishment system is required. Copper replenishment can 
either be carned out by electrocheffilcal or chemical means. In the electrochemical 
method a replenishment cell is set up external to the horizontal machine. 
Electrolyte from the plating machme is pumped into this cell which consists of a 
soluble copper anode and a cathode. The cathode cell comprises an mert electrode 
and a sulphuric acid electrolyte separated from the bulk solution by an ion 
selective membrane. Thus. when the cell is SWitched on copper dissolves mto the 
electrolyte from the anode and hydrogen IS evolved at the cathode. This system 
has the advantage that the copper anode need not be phosphonzed and so scrap 
copper (of which there is plenty m a PCB manufacturing facility) can be recycled. 
Alternatively. the copper can be replenished using copper OXide powder. 
Although at first glance thiS may seem a somewhat easier procedure. It does suffer 
from some drawbacks. Cheap copper oxide generally contains a slgruficant 
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amount of chlonde contamination and this will quickly upset the additive balance 
of the bath. Therefore, chloride free copper oXide is reqUired but this IS much 
more expensive. Copper oxide is not parttcularly soluble m the electrolyte (at 
ambient temperatures) and therefore an external mixing tank is required. It is also 
essential that the solution from this mixmg tank be effiCiently filtered before it 
returns to the plating tank so that any undlssolved copper oxide does not 
contaminate the bulk solution. However, this technique does have the advantage 
of replenishing the copper in a stoichiometric manner. 
Secondly, the cost of iridium dioxide coated titanium anodes is much greater than 
that for soluble phosphorized copper anodes. Despite thiS the benefits of usmg 
insoluble anodes far outweigh this cost disadvantage and one should also 
remember that soluble anodes gradually dissolve with use and have to be 
replemshed. Therefore it IS important, when comparing cost, not to simply 
conSider the cost per square metre of the anodes m the machme but the cost ofthe 
amount of copper that would be used over the lifetime of the insoluble anode. 
Fmally, the other major disadvantage With insoluble anodes IS bnghtener 
consumption, and this will be one of the main areas for study in this thesis. 
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2.6 This research programme 
The previous sectIOns have shown that the dnve towards horizontal acid copper 
electroplating is irresistible but for tIns type of equipment to deliver the desired 
reductions in process time, they must be capable of operating at high current 
density With good throwing power and distnbutlon. The use of insoluble anodes IS 
cntlcallf these goals are to be achieved but httle, If any, work has been carried out 
to determine the impact that the use of such anodes Will have on the functionality 
of the plating bath. 
It is the aim of this research programme to evaluate, 
i) the long-term effect of insoluble anodes on the deposit quality, bath life 
and process control of the acid copper electrolyte, 
it) the msoluble anodes that are currently commercially avrulable, 
iti) how these anodes can be characterized, 
iv) the best anode matenal to use for this application, 
v) the effect of these anodes on electroplating bath additives, 
vi) whether any modifications need to be made to the electrolyte to make 
the use of insoluble anodes viable. 
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3. THE USE OF INSOLUBLE ANODES IN ACID SULPHATE ELECTROLYTES. A 
REVIEW OF THE LITERATURE 
3.1 Introduction 
Although the characteristics and role of all types of anodes used in 
electrodeposiuon processes have been reviewed prevlOusll l , an extensive search of 
the literature has faIled to find any published work on optillllZation of materials for 
insoluble anodes in acid copper electroplating. This lIterature review therefore 
details the materials that have been prevIOusly used as insoluble anodes in aCid 
sulphate electrolytes and the factors that affect their functionality under such 
operating conditions. From this data an attempt has been made to set a number of 
cnteria that should be met for any matenal to be successfully used as an msoluble 
anode in an acid copper electroplating process. 
3.2 The TraditIOnal Use Of Insoluble Anodes 
Lead and its alloys are probably the oldest insoluble anodes together with graphite 
and silicon-iron, but it was the development of platinized titanium and the 
'Dimensionally Stable Anode' (DSA) in the late sixties winch paved the way for 
their more Widespread use. Their function under acid sulphate electrodeposition 
conditions is primarily to remain inert and enable oxygen to be evolved at as low an 
overpotential as pOSSible. Titanium coated With platinum, palladiUm, ruthenium 
dioxide, iridiUm diOXIde and mixed metal oxides are commercially available at 
present Means for their manufacture are beyond the scope of this thesis. 
Insoluble anodes are now uUlized in such applicauons as metal wmning, the chI or-
alkali industry, cathodic protection, wastewater management, organic 
electrosynthesis, batteries, and some electroplating (mainly chromium that has 
habitually used such anodes). Their employment in copper electroplating has been 
minimal, although their use in copper fOil manufacture and alkaline pyrophosphate 
electrolytes is reported 22. 
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The cnteria for the use of insoluble anodes in these industries can be very different 
from those required for acid copper electroplating. Even in the case of copper fOil 
manufacture, which generally occurs under acid sulphate conditions, the physical 
properties requrred of the fOil mean that the additives used are very different and a 
non-bnght, rough surface is desirable as compared to the bright, smooth ductile 
deposit requrred for PCBs. 
3.3 The Use Of Insoluble Anodes In Sulphunc ACid Based Electrolytes 
MultItudes of materials have been investigated as insoluble anodes in sulphunc 
aCid based electrolytes. Along with the more common OXides of indlUm, ruthemum 
and lead, a whole range of other matenals has been studied. Tables 4-7 give an 
indication of this diversity and quote values for the oxygen evolutIon potential and 
Tafel slopes (where given) from the ltterature. It is very difficult to dJrectly compare 
many of these values from source to source because of vanations in electrolyte 
concentrations, temperatures, etc. In addition, for oxygen evolution potentials, the 
current density at which these values are taken is obviously important. Figure 10 
shows how the choice of anode can have a significant effect on both the potentIal 
for oxygen evolution and Tafel coefficient. 
Most metal OXIde electrocatalysts are formed on a titanium substrate, although 
platinum, tantalum, tungsten, zirconium, niobium or their alloys have also been 
used. Despite the suggestion that tantalum best meets the cnterion for a stable 
conducting base matenal23, titanium IS preferred because of Its relatively low cost, 
Its ablltty to be formed mto the desrred shape for the anode, its light weight and, 
when exposed under anodic acid conditIons, Its strong passivatIon tendency 
prevents further deterioration of the anode. Lead diOXide has traditionally been 
formed on the surface of lead anodes in situ, and must be mamtained during 
operatIon and protected when not m use. 
Not surprisingly, the choice of matenal to coat the substrate will affect the 
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electrochemical properties of the anode, Its corrosion resistancellifetime under 
operating conditIons, its morphological properties and its cost. A good example of 
these differences can be seen In the oxygen evolutIon reaction. For anodes that 
cannot form a htgher oxide (e g.lead illoxide) the mechamsm for oxygen evolution 
is as follows7Q.72, 
ReactIon 9 
Reaction 10 
where MO. represents the metal oxide surface and rOH) IS an adsorbed hydroxyl 
raillcal. 
However, if the metal made can form a htgher oxide (e.g. indlUm and ruthemum 
dioxide) then ReactIons 11 and 12 below become possible, 
MO. rOH) ~ MO.+I + W + e- ReactIon 11 
ReactIon 12 
3.3.1 Iridium DiOXIde Based Electrodes 
Comparison of Tables 4 and 5 shows that, generally, pure Iridium dioxide 
has both a higher potential for oxygen evolution and Tafel slope for this 
reaction than ruthenium dioxide. However, it is probably because of its 
enhanced hfetime under aciillc oxygen evolving conditions24-29 that Iridium 
dioxide has become the most favoured material as an Insoluble anode for 
acid copper electroplatIng (see Figure 11). This supenor corrosion resistance 
can be further Improved by alloYing WIth other metals such as tantalum27-28. 
30 or rhodlUm31. 
To further faclhtate the electrocatalytlc activity of indlUm dioxide it can be 
mixed with platinum or inert oxides32 (particularly tantalum pentoxlde 
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(Ta20S»' To enhance Its oxygen evolVIng charactenstics, this oxide can be 
combIned with ruthenium24,26.33 whIch wIll lower the oxygen evolutIOn 
potential, but a trade off always occurs between the lIfetime of the anode, 
which decreases as more ruthenium is added, and the oxygen evolution 
potential which increases with the indium content in the alloy. 
The method of manufacture of the llidlUm dIoxide also affects its 
perfonnance29,34.36. Whether the iridium dioxide is fonned by thennal 
decompOSitIon or electrolytically, baking temperature (and the atmosphere 
in whIch baking occurs) has a critical effect on the morphology and 
therefore the catalytic properties of the oxide. If the OXIde is fonned 
electrolytlcallrs then, without heat treatment, the hydrous OXIde fonned has 
an open structure WIth high surface area and good electrocatalytie properties 
but these rapIdly declIne WIth continous operatIOn at oxygen evolving 
potentials. Baking produces an anhydrous OXIde WIth a more closed 
structure and, InItially, somewhat reduced electrocatalytIc properties. 
However, on continuous operation under oxygen evolving conditions, the 
OXIde maintains its activity and will eventually show supenor perfonnance 
to the non-baked oxide. It can generally be said that the greater the surface 
area of the finished oxide, the lower will be the Tafel slope and the potential 
for oxygen evolution may also be somewhat affected at a given current 
density (Figure 12). Therefore, optimization of the bakIng temperature is 
critical. 
3.3.2 Ruthenium Dioxide Based Electrodes 
Reference to Table 5 indicates that, taking the potential for oxygen 
evolution as well as the Tafel slope for this reaction into account, ruthemum 
dioxide appears to have extremely favourable electrochemical properties for 
the oxygen evolutIOn reaction In sulphune acid based electrolytes. Once 
again mIxing WIth inert oxides such as those of zirconium and tantalum32 
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Will further Improve the electrocatalytlc properties of this oxide. 
Unfortunately, the lifetime of ruthenium dioxide is very shorf4.26.37-38 in 
sulphuric acid under oxygen evolVIng conditions particularly when 
compared to Iridium dioxide based electrodes24.39 (Figure 11). This appears 
to be due to oxidation of ruthenium dIoxide to ruthenium tetroxide29.40 that 
will rapidly corrode leading to passivation of the titanium substrate. 
For this reason ruthemum dioxide electrodes tend to be used more in the 
chlor-alkall Industry, where their low potential for chlorine evolution and 
corrosIOn resistance in hydrochloric aCid are superior to iridium diOXIde. 
However, because of its favourable properties for the oxygen evolution 
reaction, attempts have been made to use ruthemum ITIlxed OXIdes to 
improve the hfetime and mamtaIn its good oxygen evolving characteristics. 
Loutfy and H039 clrum that usmg a mixed ruthenium, tantalum, tungsten 
oxide, maintenance of the actiVIty of the OXide under continuous electrolysis 
conditions In 200 gIl sulphuric acid was greater than 7000 hours as 
compared to 216 hours with ruthemum dIoxide alone. AllOYIng With 
indium38, indtumltantalum37.39 and rhodIum41 improves the corrosion 
resistance of the alloy but the potential for the oxygen evolution reaction 
increases and the electrocatalytic properties of the oxide are reduced. 
As with iridium dioxide the mode of manufacture of the OXIde IS also 
important in determining its electrochemical propertIes. Work by 
Melshelmer42 (Figure 13) illustrated the effect of baking temperature on the 
Tafel slope for oxygen evolution reaction. It was found that, at higher 
calcination temperatures, the roughness factor of the OXide IS decreased 
leadIng to a reduction in both the Tafel slope for the oxygen evolutIOn 
reactIOn and the potential at which this reaction occurs. Once agaIn, a 
balance must be struck between stabihty and electrocatalytic activity of the 
oxide. 
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3.3.3 Lead Dioxide Based Electrodes 
There is a vast array of literature on the lead dioxide anode that goes back 
over a number of years. Despite its traditional use in all hexavalent 
chromium plating and copper electrowmning, the employment of lead 
dioxide anodes in mdustrial processes is waning due to its relatively poor 
electrocatalyuc properties and problems of contaminatIon if any dissolution 
occurs. Under such circumstances insoluble lead sulphate is produced and 
manifests itself as sludge. In addition, lead anodes have a tendency to 
'creep' particularly in electrolytes operated at elevated temperatures, and as 
such they cannot be truly regarded as DSAs. However, It IS very cheap when 
compared to ruthenium dioxide and iridium dioxide and it is probably for 
this reason that much work is stIll bemg carned out to overcome some of 
these problems74. 
The potential for the oxygen evolution reaction and Tafel slope are much 
higher for lead dioxide than for both ruthenium dioxide and iridium 
dioxide33 (compare Tables 4-6) although this picture is slightly confused by 
me presence of two forms of the oxide. It has been found43-45 that the alpha 
(orthorhombic) form of the oxide is more catalytic than the beta (tetragonal) 
form, although the stability of the alpha made m solutions with a pH of less 
than I is questionable. This relative difficulty of oxygen evolution can be 
advantageous for waste water treatment as it favours the formation of highly 
oxidIzing hydroxyl radicals (see Reaction 10) that are very efficient for the 
OXIdation of orgamcs46. 
One of the problems With lead anodes is that some dissolutIon may occur in 
sulphuric acid based electrolytes. In electroWlnmng this can contaminate the 
deposited metal and so lead anodes are normally alloyed with other metals 
to improve this situation. Silver (and silver/calcium) have long been used 
but tIn, mdlUm, rhodIUm, antimonjS.47-S0 and strontiumSI are also reported 
to Increase the corrosion resistance of this anode, and may eliminate the 
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creep tendency of pure lead anodes m hot solutions. 
Much work has been carried out on enhancmg the electrocatalytic properties 
of lead dIOxide anodes in sulphunc aCid based electrolytes. Practically all 
the alloying elements mentioned above which increase the lifetime of the 
lead dioxide anode also improve its electrocatalytic properties48-49.52. Kuhn44 
states that a 200 m V depolarization can occur when silver is used as an 
alloying matenal. Tm, antimony, bismuth, rhodium and cobalt are also 
reported to reduce the oxygen evolution potentiaf5.45.48.50-53 . It IS perhaps 
not surprising that the use of mixed oxides of lead with ruthernum and 
iridIUm can cause some dramatic effects on the electrochemical properties of 
the oxide. Iwakura et a/54 investigated mdlUm dispersed lead electrodes and 
showed that the Tafel slope could be reduced from 120 mY/decade for lead 
dioxide to 60mV/decade for the ffilxed oxide dependmg on the heat 
treatment of the oxide. More recently, La Pape-Rerolle55 formed an indlUm 
OXide coating on a lead-silver alloy by electrochemical OXidation of iridium 
hexachloride and the resultant anode depolarized the oxygen evolution 
potential by 340 mV at 50 mNcm2 m a zinc electrowmrnng electrolyte 
(although this activity deteriorated somewhat with time). The use of a lead 
dioxide I ruthenium dIOxide composite anode has also been reported56 and a 
massive depolanzatlon of the oxygen evolution potential was found (some 
600 m V) with a concurrent reduction in Tafel slope. As one might expect, 
the hfetime of such anodes is questionable but a1loymg with tin apparently 
improves this situation although the oxygen evolution potential increases 
somewhat. 
The addition of metal salts to the electrolyte can also have a major effect on 
the oxygen evolution potential on lead dIOXide anodes. The presence of 
manganese, and zinc ions reduces the potential for oxygen evolution whilst 
the presence of sodIUm ions apparently causes an increase48.57.58. However, 
by far the most studied of these ions IS that of cobalt. 
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Work by Koch59 (FIgure 14) and Cachet et at8 clearly indIcates that 
addluon of cobalt to the electrolyte causes a huge drop in the Tafel slope 
(100-120 m V to 50-60 m V are typically quoted) and some depolarization of 
the oxygen evolution potential is observed. 
The oxide is nonnally fonned on a lead anode In situ. Alternatively, Dykstra 
et af'O have shown that if PTFE-bonded lead dioxide anodes are used, a 
significant decrease in oxygen overpotentlal could be aclueved although the 
lifetime of the electrodes was short. They also showed that sintering 
temperature again influences both kinetic properties and the potential for 
oxygen evolution. 
3.3.4 Other Insoluble Electrodes 
Infonnatlon on the other types of insoluble anodes IS rather more scant. 
Work by Inai et atl looked at a number of other metal oxides (see Table 7) 
such as those of rhodIUm, platinum and palladIUm. The work agam 
Illustrates the effect of calcmatlon temperature on the electrocatalytic 
properties of the various oxides, but of these only the rhodIUm oxide showed 
Tafel slopes with values close to those for the oxides of IridIUm or 
ruthenium. The potential for oxygen evolution was relatively high on the 
platinum electrode, a finding confinned by other studies29•54 and it is also 
seen that the material exhibits a high Tafel slope for thiS reaction. However, 
it is more stable than ruthenium dioxide m sulphunc acid based electrolytes 
and is attractive for this reason. 
Graphite29 and 'diamond' electrodes62 have also been studied but their 
application tends to be for either waste treatment or for organosynthesis25• In 
either case, the oxygen evolution reacUon IS seen as a competing reaction 
and so the matenals are designed to have both high potential for oxygen 
evolution and Tafel slopes for tins reaction so that. in a similar fashion to 
lead, the generation of lughly oxidizmg hydroxyl radicals (Reaction 10) is 
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favoured. 
3.3.5 'Redox' Additives And Other Depolarization Techniques 
Inorganic addiUves have been used to lower the energy required for the 
electrowmning of copper for some years63• Ferrous salts are added to the 
electrolyte and, smce the potential for the ferrous/ferric reaction is lower 
than that for oxygen evolution, an energy savmg can be achieved. It has also 
been proposed64.6S that this and other 'redox' couples can reduce brightener 
OXidation when insoluble anodes are used in horizontal electroplating 
machmes. 
The possibility of hydrogen depolarized insoluble anodes has also been 
considered as a good energy and depolarizing concept. However, its obvious 
hazard has usually precluded ItS commercial implementation. 
3.4 DiscussIOn 
It is quite clear from this reVIew that the majority of work on insoluble anodes to 
date has concentrated on matenals based on the oxides of iridium, ruthenium and 
lead and that of these the favoured matenal for acId sulphate electrolytes is iridium 
dioXide. However the juStification for using this material seems to be solely based 
on Its long lifetime under acidiC oxygen evolving conditions. 
There is very little published data on whether this, or any other material, has been 
electrocheffilcally optllnized for acid copper electroplating e.g. how does the 
morganic matrix, chloride and, Importantly, pulse plating affect the choice of 
anode? 
In additlon there is liffilted published data on the effect of different anodes on 
bnghtener oxidation and it is known that the oxidatlon of organic molecules can be 
very dependent on the choice of anode matenal. Indeed, one can say that although 
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there is much published work on the role of electroplatIng additives on the cathodic 
reactton, there are very few concerned with the behaviour of those additives at the 
anode (and none at Insoluble anodes). 
The review has also highlighted the following factors as important to achieving Iow 
oxygen evolution potenttals and Tafel slopes for the oxygen evolution reaction. 
I. Elemental Make Up Of Anode 
Reference to Tables 4-7 indicates the vast array of potenttals and Tafel slopes 
that can be obtained even for various single metal oxides. When allOYIng and 
mIXed OXides are used this situation is modified sttIl further, and, in the case of 
lead diOXide the amounts of the alpha and beta forms of the OXide is important. 
The chOice of matenal will also affect the lifetime of the anode under operatIng 
condlttons. Purity and inclusion levels may also be factors. 
2. Morphological Properties 
These tend to be influenced by the mode of manufacture of the oxides and, 
kinetically, this appears to be a critical factor in the oxygen evolution reaction. 
It IS generally agreed that as the surface area increases so the catalytic effiCiency 
Improves and the Tafel slope decreases. This also has an effect on the potential 
for oxygen evolution. 
The crystalline structure, gram size and stoichiometry of the oxide may also be 
important factors. The amount of inclusions present should also be noted. 
3. Electrolyte Additives 
Studies mvolvIng the use of the lead diOXide anode seem to show that the 
addition of cobalt to the base electrolyte can dramatically Improve both the 
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oxygen evolution potential and the Tafel slope for this reaction. 
Redox couples have been used in the electrowmnmg mdustry to reduce energy 
costs but more recently in acid copper electroplating baths to reduce bnghtener 
consumption. 
3.5 Selection Criteria For Insoluble Anodes 
It seems clear from tlus hterature review that there has been no prevIous concerted 
attempt to define cnteria for the use of insoluble anodes in aCid copper 
electroplating, although It has been done for soluble anodes, e.g. 's' nickel and 
phosphor copper. The followmg is a list of cntena that, it is now suggested, any 
matenal must meet if It IS to be selected as an insoluble anode for horizontal acid 
copper electroplating. 
• A Iow potential for oxygen evolutIOn and I or a high potential for orgamc 
additive oxidation. 
• It must be stable under horizontal aCid copper electroplating operating 
conditions (i.e. stable at all relevant pHs, temperatures, agitation, inorganic 
matrices and orgamc additives). 
• It should have a low Tafel slope for the oxygen evolution reaction (or high Tafel 
slope for brightener oxidation). 
• It must remain conductive at all relevant current densities I.e. It must not 
passivate at high anodic current denSIties. 
• It must be stable to the effects of pulsmg. 
• It must be available for the desired anode shape. 
• It must be cost effective i.e. initial cost, life and maintenance. 
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4. EXPERIMENTAL 
Although the use of insoluble anodes for acid copper electroplating is still relatively 
uncommon, those companies that employ such anodes have reported a dramatIc increase 
in bnghtener consumptIon. Despite this, there has been no published laboratory work to 
determine the extent of this occurrence. In addition, it was not known whether this 
phenomenon was common to all acId copper brighteners or mdeed If It would actually 
have any detrimental effect on bath hfe or the qualIty of the electroplated copper. For this 
reason the initIal expenmental work undertook a 'hfe study' that compared an acid 
copper platIng bath incorporatIng msoluble anodes, with one that used tradItional 
phosphorized copper anodes. The brightener consumption rates and the physical 
properties of the electrodeposited copper were monitored along with other process 
parameters. In an extension of this work some other aCId copper bnghteners (mcludmg all 
those currently used m Shlpley products) were mvestIgated m much smaller scale platIng 
tanks. 
A range of commercially available insoluble anodes was then obtained from various 
suppliers and characterized in terms of their electrochemical, chemical and morphological 
properties. A short study then determined their relative brightener consumption rates 
using the Hull cell. 
Thts initial work confirmed that when insoluble anodes are used in acid copper 
electroplating much higher brightener replenishment rates are required. The rest of this 
study was therefore directed to finding methods of overcoming this difficulty. 
Firstly, an evaluation was performed of the only reported method of lowering the amount 
of brightener used, namely the 'Redox couple'. A novel method of reducing bnghtener 
consumption was then developed and further work was carried out to understand the 
mechanism by whIch bnghtener is oxidIzed at insoluble anodes and how this novel 
method prevented It from happening. 
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4.1 Plating Equipment 
Three main types of plating vessel were used in this study. 
4.1.1 Large Scale Plating Tanks 
These two tanks were 320 I m volume and used recIprocal cathode ratl and 
air agItation. In one tank were placed two insoluble anodes constructed of 
indlUm dioxIde coated titaruum mesh of dImenSIOns 54 0 x 54.5 cm of 
which 54.0 x 38 0 cm were immersed m the electrolyte givmg a front face 
operattonal surface area per side of 2052 cm2• Eight titanIUm basket anodes 
(four on each anode ratl) filled WIth phosphorized copper balls were 
employed in the other tank. Each basket anode had front face dImensions of 
11.0 x 54.0 cm of which 11.0 x 47 cm were Immersed. Therefore, the front 
face operational surface area per side was 2068 cm2 I.e. roughly eqUIvalent 
to that of the insoluble anode tank. 
The copper replerushment system for the insoluble anode tank consisted of a 
lOO I tank that was placed at the rear of the plating line. At the end of each 
day approximately 50-70 I of the plating bath was pumped into this tank. 
High purity chloride free copper oxide was then added to the tank and 
dIssolved by stirring overnight usmg a compressed air driven propeller. In 
the morning the solution was pumped back into the plating tank via a filter 
to remove any particles of copper oxide that may have remained un-
dissolved. Thus, at the start of the day, the copper sulphate pentahydrate 
concentration was about 95 gIl but would fall to about 80 gIl by the end of 
the day. 
4.1.2 Mini-Plate Tanks 
These 3.2 I tanks were fitted WIth atr spargmg pIpes and reciprocating 
cathode rail agitation. 
Apart from the control runs, whIch used phosphorized copper anodes, all the 
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tests with insoluble anodes employed two indium dioxide mesh anodes of 
size 6.5 x 7.5 cm of which 6.5 x 5.5 cm were immersed. 
To maintam the copper concentration in these tanks 200 m1 of working bath 
was removed from the plating tank and heated to about 30°C. The required 
amount of copper oxide was then added and stirred for 20 minutes to ensure 
complete dissolution and finally filtered. After 30 minutes a further 200 m1 
of plating bath was removed whilst the replenished solution was added back 
to the electrolyte and the procedure repeated. 
4.1.3 Beaker Plating Tests 
In these tests an 800 m1 beaker was used as the plating vessel, into which 
was added the base electrolyte. The cathode comprised a 12.5 x 25.0 cm 
piece of scrubbed copper foil, of which 10.0 x 25.0 cm was immersed. FOIl 
was utIlized so that it could be wrapped around the inside of the beaker 
allowing for a relatIvely high current density to be achieved at the anode 
without causing burmng at the cathode. Before plating the fOil was given a 
30 second dip in 10% sulphuric acid. 
The anodes were mainly double sided and of dimensions 4.0 x 5.5 cm 
(giVIng a total surface area of 44 cm2) and were suspended in the centre of 
the beaker above a magnetic stirrer that was used for solution agitation. 
Three methods were developed in thiS study that were based on the above 
cell and Will be descnbed later. 
4.2 Test Boards And Dummy Panels 
It Will be noticed in the various descriptions of experiments that brushed 'copper 
clad laminate' is often used. This material is simply a piece of FR4 flame retardant 
epoxy resin that has copper foil bonded to both sides and is the laminate most 
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commonly used as the base for rigid PCBs. The material is brushed to remove any 
anti-oxidation coating that is sometimes applied to these materials. 
The drilled test boards were double sided 2.4 mm tluck boards with hole diameters 
of 0.9 mm and 0.34 mm. 
Whatever test boards were used they were given a 30 second dip m 10% sulphunc 
acid prior to immersion in the electroplatmg solutIOn. 
4.3 ChemIStrY 
Most experiments utIlized an electrolyte comprising; 
80 gIl copper sulphate pentahydrate (CuS04.5H20) 
225 gIl sulphuric acid (H2S04) 
50 ppm chloride (Cr) 
By using a 95% solutIon of 'ShIpley Electroposit Starter Solution' this inorganic 
matnx could be obtained. Throughout the study this electrolyte will be referred to as 
80/225150 and any vanatIons will be indicated appropriately i.e. if no chloride IS 
used the electrolyte will be denoted 801225/0 etc. In such cases as this the 
electrolyte was made up from copper sulphate pentahydrate (Manica S P.A) and 
65% sulphunc acid (INEOS Chlor Ltd). Most solutions also contained 'carrier' 
which was Shipley Electroposit M, a solution of a 300,000 molecular weight 
polyethylene oxide (PEO). When 5% of this carrier was added to the electrolyte It 
was in a concentratIon of I gIl. 
To maintain the copper concentration, high punty chlonde free copper oXide 
(Merck) was utilized, whilst additIons of 25% hydrochloric aCId (HCI, Merck) kept 
the chloride concentration Wlthm the specified hmits. 
4.4 Methods To Determine Brightener Consumption 
Throughout thIS study the main brightener used was dlsodium bis-(3-sulphopropyl)-
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disulphide (BSDS) and is typical of the disulphide type brighteners commonly 
found in aCid copper plating formulations. As mentioned in the descnption of the 
oxidation I reduction cycle of BSDS (see 2.2) it is thought that tius compound 
breaks down to other species that are also actIve as brighteners. Therefore, it must 
be remembered that brightener activity and BSDS concentration may not 
necessanly be the same thing. 
4.4.1 Total Bnghtener AnalysIs (IBA) 
This technique uses a pulsed potenttostatic program developed by Shipley 
Co. Inc. The cell is made up of a platInum rotating disc electrode (RDE) (set 
at 500 rpm), a copper counter electrode and a saturated calomel electrode 
(SCE) as reference. A sample of electrolyte (that must contain 5% carrier 
and 50 ppm chloride) is heated to 26 ·C. The follOWing pulsed cycle is then 
camedout; 
Cleanmg potentIal (V) 1.6 
Cleanmg tIme (seconds) 5.0 
EqUilibratIon potentIal (V) 0.5 
EqUilibratIon time (seconds) 60 
Plating potential (V) -0.25 
Plating time (seconds) 1.0 
Stnppmg potential (V) 0.2 
Stnppmg tIme (seconds) 5.0 
The current is measured 200 ms after the platIng potentIal is applied and is 
converted to a 'TBA' value. Smce active brightener species accelerate the 
deposition process, then the greater the concentration, the higher tius current 
or 'TBA' value will be. This has been shown to be a good method of 
determimng brightener actIvity so long as the bnghtener level is not too far 
out of range. At higher bnghtener concentrations the TBA response tends to 
become curved and large increases in bnghtener might only cause a 
relatively small change in TBA value. 
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4.4.2 The Hull Cell 
The Hull cell test has been used for many years as a method for visually 
tesung the qualIty of electroplated deposits over a wide range of current 
densities. 
The Hull Cell IS a plastic container of the shape shown in Figure IS. It will 
be noted that, due to the angle of the cathode m relation to the anode, the 
current denSity will differ across the panel. Gabe and Wilcox66 give a fuller 
history and descnption of thiS apparatus. 
The mam function of the brightener in an acid copper electrolyte is to 
produce a bright copper deposit with good mechamcal properties. In the case 
of diSUlphide type brighteners It can be said that the greater the 
concentration ofbnghtener m the electrolyte the higher the current denSity at 
which a bnght deposit can be obtained (this is vast over simplification of the 
true situation but IS generally true at typical working bath concentrations of 
bnghtener). Thus, by plating a Hull cell panel and measunng the length of 
the panel that exhibited bum or matt (Le. non-bright) an estimate of the 
bnghtener activity can be obtained. 
Throughout this work the anodes used in the Hull cell were of dimensions 
7.5 x 5.5 cm and a brushed piece of copper clad laminate (7.5 x 10.0 cm) 
was used as the cathode. A magnetic stirrer was placed in the bottom of the 
Hull cell to provide constant agitation. 
Apart from the traditional Hull cell methods, two additional techniques were 
deVised that mcorporated thiS apparatus. 
In the first of these, two test boards were plated per run, the current being 
fixed at 3 A.The first Hull cell panel was plated for 2 minutes and the second 
for a further 8 minutes in the same solution. The percentage bum on these 
Hull cell panels was then measured and used to gauge the bnghtener acUVlty 
after 2 and 10 minutes (this test Will be referred to as the 2/10 minute Hull 
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cell test). 
In the second variation a combination of the Hull cell and TBA were used to 
evaluate the effect of carrier and chloride on brightener consumption. The 
Hull cell was set up as for the 2/10 mInute test and a current of 3 A was 
applIed. However, in this case the Hull cell was initially run for 10 minutes. 
At this pomt, depending on the nature of the onginal electrolyte, carner 
and/or chloride was added to the electrolyte and a TBA measurement was 
made. The solution was then returned to the Hull cell where the anode was 
changed to a soluble copper anode and a Hull cell panel plated for a further 3 
minutes at 3 A (thiS test will be referred to as the 10/13 minute Hull cell 
test). 
Whichever of these tests was performed, the imtlal BSDS concentratIOn was 
I mgll. 
4.4.3 High Pressure Liquid Chromatography (HPLC) 
Although it will be seen that both TBA and Hull cell are useful methods in 
the study of bnghtener oxidation at insoluble anodes, neither method allows 
much differentiation to be made between various consumption rates except 
perhaps 'high' and 'Iow'. HPLC has been employed at Shipley Europe Ltd. 
as a quality assurance method for determining BSDS in its various 
brightener products. 
A Hewlett Packard 1050 senes HPLC was used for this method and the 
following conditions were applied; 
Separating column Phenomenex Kmgsorb 5CI8 , 250 mm X 4.6 mm 
Eluent 0.005M sulphuric acid (90%), acetomtnle (10%) 
Injection volume 10 III 
Flow rate I mlIminute 
Detector UV set at 246 nm 
Elution time 8 minutes 
39 
EXPERIMENTAL 
Initial cahbratJon work (see Appendix 1) mdlcated that BSDS could be 
determined quantitatively using this technique. The BSDS concentration was 
thus determined in a particular sample by measuring the area counts of the 
peak at 5.1 minutes and converting this to a concentratJon using an 
appropnate cahbration graph. 
4.5 Electrochemtcal Techniques 
All electrochemical methods used in this study employed an EG&G Parc 273 
Potenttostat that was dnven by either EG&G Soft Corr M352 CorrosIOn 
Measurement and Analysis software or EG&G Research Electrochemlstry software 
(version 4.23). 
The electrochemtcal cell was con figured as shown m Figure 16. It can be seen that 
the umt compnses a counter electrode separated by a ceramtc fnt from the main 
body of the cell. The anode under test was made the workmg electrode and was 
positioned just above the Luggm capillary of the SCE reference. If an RDE was not 
utilized then a magnetic stirrer placed beneath the working electrode agitated the 
solutIOn. 
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4.5.1 Anodic Polarization 
Five programs were developed for the anodic polarization studies and are 
detailed below. 
PROGRAM SOLlDOXl SOLIDOX2 SOLlDOX3 PTOX ELPT2001 EL2001 
NAME 
Counter lr02 lr02 Brushed lr02 Brushed Brushed 
electrode copper copper copper 
lamInate laminate lanunate 
Reference SCE SCE SCE SCE SCE SCE 
Electrode 
WorkIng Various Various Vanous Pt Pt (ROE) Various 
electrode (spade) (spade) (spade) (ROE) (ROE) 
EquilIbration 300 120 30 300 30 30 
time 
(seconds) 
Scan 1 I I I I I 
increment 
(mV) 
Scan rate 10 10 10 10 10 10 
(mV/s) 
Start potential 0.05 0.05 0.05 0.05 0.05 005 
(V) 
End potential 2.0 2.0 1.75 2.0 2.5 2.5 
(V) 
Rotator speed na na na 1600 1600 1600 
(rpm) 
WorkIng 7.0 2.0 7.0 0.126 0.126 0.196 
electrode area 
(cm2) 
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4.5.2 Cyclic Voltammetry 
For this work three programs were employed details of which are given 
below; 
PROGRAM NAME PTAA PT2001NR PT200lR 
Counter electrode Ir02 Brushed Brushed 
copper copper 
lamInate laminate 
EquihbratIon tIme 120 30 30 
(seconds) 
Scan Increment (mV) 2 2 2 
Scan rate (mV/s) variable 25 25 
Start potentIal (V) 000 0.05 005 
Vertex I potentIal (V) variable 1.65 1.325 
Vertex 2 potential (V) 0.00 Pass 1.65 
End potential (V) 2.00 0.05 0.05 
Rotator speed (rpm) vanable 2500 2500 
WorkIng electrode area 
(cm2) 
0.126 0.126 0.126 
4.6 Insoluble Anodes Versus Soluble Anodes Life Study 
The main aim of this life study was to evaluate the effect of Insoluble anodes on the 
process control and hfetime of the aCid copper plating electrolyte, as well as their 
impact on the quality of electroplated copper deposit. 
Two acid copper electrolytes were made up in the large scale 320 I plating tanks, 
one of which was configured With Insoluble anodes and the other with soluble 
anodes. The tanks were then operated as described in 4.1.1. 
4.6.1 Bath Make Up And Plating Regime 
Both solutions were made up USIng proprietary Shlpley chenucals i e. 95% 
Electroposit Acid Copper Starter Solution to which 5% carrier was added. 
The baths were replenished using the Electroposit 1I 00 bnghtener system. 
This contaIns 0.04 gIl BSDS in a solution of water and carrier. The insoluble 
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anode bath lllltially used XP7033 (a 45x EPllOO concentrate with carrier) 
whilst the soluble tank used EPllOO B-3 (a 3x EPllOO concentrate with 
carner). Automatic dosing was set up on both these tanks. 
To start the study 1% (i.e. 3.21) of each bnghtener product was added to the 
respectiy~ tanks. The baths were then dummied (I.e. plated With non test 
boards) for 60 mmutes at 1.0 Adm·z and 70 minutes at 2.0 Adm·z The 
current denSIty was then increased to 3.0 Adm·z at which all subsequent 
dummymg was performed. 
A tYPiCal week in the study would follow the platmg schedule detailed 
below; 
Monday 
Dummy for approximately 8 hours at 3.0 Adm·z 
Tuesday 
Dummy for approximately 2 hours at 3.0 Adm·z 
Plate stainless steel sheet for copper foil samples - I hour 50 mInutes at 3 0 
Adm·z 
Plate Shipley test panels - 55 minutes at 3.0 Adm·z 
Dummy for 4 hours at 3.0 Adm·z 
Wednesday, Thursday, Friday 
Dummy for approximately 8 hours at 3.0 Adm·z 
4.6.2 Responses 
i) Inorgamc And Organic Analysis 
The copper sulphate concentration was analysed daIly on the Insoluble 
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anode tank and weekly on the soluble bath. Both sulphuric aCid and 
chloride were checked weekly for each electrolyte. 
The brightener activity was momtored in two ways. The Shipley 
Electroposlt Analyser (calIbrated daily) was used to obtam TBA 
measurements at least three times a day and more frequently when test 
foils and test boards were bemg produced. In addition, Hull cell tests 
were carned out once a day at 3 A for 5 lTIlnutes. 
The carrier concentration was determined using a solvent extraction 
techmque With dlchloromethane using the following method. A 200 nil 
sample of the bath was taken, placed in a separating funnel and then 
100 nil of dichloromethane was added. Followmg thiS the sample was 
vigorously shaken for approxlmatley 3 lTIlnutes and allowed 30 lTIlnutes 
to separate. At the end of this time the orgamc phase was run mto a pre-
weighed beaker. The dichloromethane was then evaporated off by 
immersing the beaker in a water bath at 50°C. When all the 
dichloromethane had evaporated the beaker was dried in an oven at 
55°C for 2 hours. The beaker was then reweighed and the carrier 
concentration determined by the following calculation. 
Carrier concentration (gIl) = (W2-Wl) x 5 
Where 
WI = weight of empty beaker 
W2 = weight of beaker after dichloromethane evaporation. 
u) Mechanical Properties 
a) ElongatIOn And Tensile Strength 
Copper fOils were produced from each tank at least once a week 
using polished stainless steel sheets. Pre-treatment consisted of a 
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I minute dIp in sulphuric acid before plating. Thus, for each bath, 
two foils (back and front) were produced. The current denSIty was 
3.0 Adm,2 and the platmg time I hour 50 mmutes, giving foils of 
thickness 50-75 !lm. The foIls were then heat treated at 120 ·C for 
2 hours before being cut into 16 stnps from which values of 
elongatIon and tensile strength were obtained using an Instron Mini 
44 (m accordance with Shipley test procedure SE-OP-00I04). 
b) Thermal Shock 
Thermal shock testIng was performed on standard double SIded 
Shipley test boards (2,4 mm thtck, 0.9 mm holes) that had been 
previously electroless copper plated. Again these were only gIven a 
I minute dtp in 10% sulphuric acid before platIng. Boards were 
produced once a week at 3.0 Adm,2 and were generally plated for 
55 minutes (although tImes did vary early on m the study). 
The thermal shock regime was a more demandmg versIon of 
Amencan nulitary specIfication MIL-P-55I1OD that stipulates a pre-
bake at 125 ·C for 6 hours before thermal shocking at 288 ·C for 
10 seconds. In thIS case no pre-bake occurred and the boards were 
shocked 6 tImes for 10 seconds at 288 ·C WIth a 2 minute delay 
between each shock. SIX coupons contaming ten holes were 
sectioned and evaluated mainly for corner and barrel cracks (see 
Photographs 1-5) but also any other defects were noted. Thus, for 
each board 60 holes, 240 corners were examined, 
Corner cracks were defined on a scale of 0-5 accordmg to the 
percentage of the dIagonal length of the crack. Thus; 
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Grade Length of Crack 
(%) 
0 0 
I 1-24 
2 25-49 
3 50-74 
4 75-99 
5 lOO 
It was thought that cracks of type I and 2 were acceptable under this 
qUIte rigorous thermal shock regIme. However, the cracks oftype 3-5 
were unacceptable and would have caused faIlure of the board. 
For tlus reason, results are quoted as total cracks (Le. all cracks type 
1-5) and as cracks of type 3-5 which is consIdered a more realistic 
measure of the quality of the deposit. 
iii) Hole Centre Thickness 
This measurement was made on the thermally shocked microsections to 
gam some indication of throwing power. 
iv) Other Responses 
General observatIOns of the baths were noted throughout the trial 
(particularly electrolyte colour) along with the appearance of the copper 
electroplate. The dose rates of the vanous bnghtener products were also 
calculated. 
4.7 Determination Of The Consumption Rates And Electroplated Copper Deposit 
Ouahty Usmg Some Known Bnghteners 
The life study detaIled above had used the brightener BSDS and it will be seen that 
a very high consumption rate ofthis specIes was found when insoluble anodes were 
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employed. This experiment was designed to establish whether tlus phenomenon was 
uruversal to all of the commonly used acid copper brighteners, and it utilized the 
rruni-plate tanks as descnbed in 4.1.2. 
4.7.1 Chemistry 
The bnghteners mvestlgated in this part of the study are detailed m Table 8. 
4.7.2 Dummy Cycle And Test Board Production 
The baths were dumrrued using undnlled double Sided brushed copper 
laminate test boards with an Immersed surface area of 8.0 x 8.0 cm at 
6.0 Adm·2• Thus, the workmg current was 7.7 A givmg an anode current 
density of 5.4 Adm-2• 
The dummy process was carried out for 3 hours after which an electroless 
copper coated test board was plated at 6.0 and 3.0 Adm-2 for 45 and 70 
minutes respectively to give a centre thickness 20-25 IlII1 in the 0.9 mm 
holes. Before plating these boards 1% carner was added to the plating bath, 
and the only pre-treatment used was a I minute dip in 10% sulphuric aCid. 
The duration of the test was largely dependent on the initial observations 
made of the electrodeposited copper appearance. If it was found difficult to 
find a dose rate that gave a bnght deposit then the test rrught be terminated 
after only one day. If the appearance looked more prormsmg the test rrught 
contmue for 3-4 days. 
4.7.3 AnalySIS 
For the first few runs the copper, sulphuric acid and chloride concentrations 
were analysed at the end of the trial to ensure that the replenishment scheme 
was maintairung these inorganics within the specified range. For slrrular 
reasons the carner concentration was penodlcally checked. 
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4.7.4 Responses 
i) Board Appearance 
The dummy boards mentioned above were normally replaced every 30 
mmutes and their appearance noted. The aspect of the test boards was 
also determined at the end of their plating cycle. 
ii) Dose Rate 
In most cases three tanks were set up per brightener candidate. In these a 
low, mid and high dose rate were employed. By monitonng the board 
appearance, It was usually possible to qUickly 'zoom' in to an 
appropriate dose rate. Hull cell and TBA tests were carned out at the 
begmning and end of each day and this also helped to estimate the 
bnghtener functionality. 
ill) Electrochemical Analysis 
The program PTOX was used to generate anodic polanzatJon curves for 
each of the brighteners in an 801225150 base electrolyte using 20 gII of 
the respective brightener and from these the Tafel slope and potential for 
the oxidation of these compounds were determined. 
4.8 Imtial Characterization Of Some Commercially Available Anodes 
A market survey was ImtJated to detenrune the suppliers of insoluble anode 
materials. Leading on from thiS, a number of them were contacted and asked to send 
a selection of insoluble anodes that they considered appropriate for acid copper 
electroplating. Table 9 details these anodes and theu Identification codes that will be 
used throughout this study. This part of the study was duected to establIshing not 
only the anticipated differences between the vanous materials (surface area, 
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roughness. composition etc.). but also to qUickly compare them in terms of their 
practical electroplating performance. 
4.8.1 Morphological And Elemental Analysis 
Morphological analysIs of the surface of the anode matenals was carned out 
USIng a LEO 1450 VP ScannIng Electron Microscope (SEM) and the 
elemental analysis with a Pnnceton Gamma Tech (PGT) Spint Energy 
Dispersive X-ray Microanalysls (EDX) system. 
4.8.2 Brightener Consumption By Hull Cell 
This evaluation was performed USIng the 2110 minute Hull cell test detailed 
in 4.4.2 and It was hoped that It would qUickly establish whether any of the 
anode materials had a dramatically lower BSDS consumption rate. 
4.8.3 Electrochemical Characterization 
For each of the anodes evaluated an anodic polarization curve in an 
80/225150 + 5% carrier electrolyte was produced usmg SOUDOX3 and 
from this the oxygen evolution potential and the Tafel slope for this reaction 
were calculated. Similar work was then carned out to determine 
electrochemical data for chloride oxidation usmg an 80122510 electrolyte to 
wluch was added 20 gIl chloride. 
BSDS at a concentration of 20 g/l was then added to vanous electrolytes so 
that the effect of carrier and chlonde on the anodlc OXidatIon of this 
brightener could be evaluated. 
The Tafel slope for these reactions was estimated by drawing a straight line 
that best fitted the oxidation wave (preferably over I decade of current 
density) and then calculating the slope of this lme. 
It should be noted that some of these anodes were a mesh and therefore it is 
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difficult to establish an exact surface area. Indeed, even those that were a 
solid plate have an oxide surface and, as will be seen in the SEM results, this 
can be considerably textured. This data should therefore be used to compare 
the various anodes rather than as defiruuve electrochemical information. 
4.9 An Evaluation Of The 'Redox Couple' Method 
At the beg10ning of thiS work Atotech were the only supplier with a patented 
method65 for reduc10g bnghtener consumption With insoluble anodes. This 
techruque IS referred to as the 'Redox couple' method. The underlying principle of 
tlns method is that certain metal ions Will redox at potenuals below the oxygen 
evolution potential. For example the redox reacUon; 
has a standard electrode potential (E") of 0.77 V. Vanous papers and patents by 
Atotech64•65 state that this reaction will now replace oxygen evolution as the main 
anodic reaction and hence brightener consumption will also be reduced since the 
anode potential will be below the potential for brightener oxidation. The system is 
also claimed to be self-regenerating since Atotech use an external electrochemical 
copper replenishment cell in which copper anodes dissolve to replace the copper 
plated out at the cathode in the electroplating module. At the cathode m this 
replerushment cell the ferrous ion is reduced back to the ferric. The replenished 
solution is then pumped back into the plaung module and the cycle begins again. 
4.9.1 Hull Cell Evaluation 
The 2/10 rrunute Hull cell method was employed and the following 
100rganlc addluves were investigated. 
Cobalt (II) sulphate 7-hydrate (CoS04.7H20) 
Manganese (II) sulphate I-hydrate (MnS04.H20) 
Iron (II) sulphate 7-hydrate (FeS04.7H20) 
Cerium (IV) sulphate 4-hydrate (Ce(S04h.4H20) 
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Nickel sulphate 6-hydrate (NiSO. 6H20) 
Tin (II) sulphate (SnSO.) 
It will be noted that nickel does not undergo a redox reactton and was 
included to ensure that any beneficial effects on brightener consumption 
were due to the redox properties of these metals. 
The cobalt, manganese, iron, and cerium sulphates were obtamed from 
UWR whilst the nickel sulphate came from Umvar and the tin sulphate from 
Slgma-Aldrich. 
In each case 10 gIl of the morganlc addlttve was dissolved into the 
801225150 + 5% carrier electrolyte along With I mgll BSDS. 
4.9.2 Electrochemlcal EvaluatIOn 
The SOUDOXI program was employed to produce anodlc polarization 
curves with anodes MI and S2 to show the effect of adding the various 
'Redox couples' to an 801225150 electrolyte contammg 20 gIl BSDS. 
4.10 An Investigation Into The Use Of Sacrificial Species To Reduce Bnghtener 
Consumption 
The basic concept of this method was that a simple organic species ffilght be added 
to the electrolyte that would oxidize at the anode in preference to the brightener 
molecule. It was thought that this 'sacrificial species' would have to meet the 
following criteria. 
I) It must have an anodlc oxidation potential below 1.0 V (versus SCE) I.e. the 
oxidatton potential of the brightener at insoluble anodes. 
n) It should be oxidized to mnocuous species (e.g. carbon diOXide, water, etc) 
iii) It should have no cathodic actlVlty. 
iv) It should have favourable health and safety properties. 
v) It should be plentiful and of relattvely low cost. 
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This study details experiments that were used to screen a number of potenttal 
sacrificial species. Promising candIdates were then used at dIfferent concentrattons 
and their ability to reduce brightener consumption was detenruned by Hull cell. 
The expenments of thIS part of the work fall into four malO areas. 
4.10.1 Determination Of Prospective Organic Sacnficial Species 
The first lists of prospective sacrificial species were mainly generated in two 
ways. In the first mstance a lIterature search was carned out to try and 
detenrune whIch sImple organic molecules could be oXIdIzed at the anode. 
Secondly, the Sigma-Aldrich electronic library was searched for reducmg 
agents and anti-oxidants since it was thought that such compounds should 
themselves be eaSIly oxidIzed. Several of these candidates were screened out 
on grounds of health and safety but the remaining substances were used in 
the mitial screening programme detaIled below. 
4.10.2 Initial Screening Using Anodic Polarization 
These curves were produced using program SOUDOX2 WIth an electrolyte 
consisting of a 0 5M solutton of each organic sacnficial specIes 10 150 m1 of 
a 225 gII solution of sulphuric acid. The anode area was reduced from 7 cm2 
to 2 cm2 as the curves produced WIth the larger surface area electrode 
indicated current overload at lugh potentials. 
It was thought that any prospective species must show some electrocheIDIcal 
behaviour below the potenttaI for oxygen evolutton <Em) and preferably 
below the brightener oXIdatIOn potenttal (EssDs). From each scan, therefore, 
any OXIdation wave was noted along with its start potential, Its hmitmg 
current and any effect on the oxygen evolution reaction. 
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4.10.3 Secondary Screening Using The Hull Cell 
Promising candIdates from the anodic polarization work were then taken to 
secondary screemng wluch utIlized the 211 0 minute Hull cell test WIth 
anodes C2 and D1 and the standard 801225150 plus 5% carrier electrolyte. 
Also included In thIS work were three addItIonal candidates identified by 
work at Shipley Co. Inc.68• It should be noted that when the burn/matt area 
on the Hull cell panel exceeds about 50-60% this normally means that 
bnghtener is virtually depleted. 
4.1 0.4 Further Anodic Polanzation Work 
Program SOUDOX2 was agaIn used to evaluate the effect of some of the 
sacnficial species on the anodlc polarizatIon ofBSDS In an 80/225150 + 5% 
carner electrolyte. Anode C2 was employed, and the three specIes tested 
were L-ascorbic acid, hydroxylamine sulphate (HAS) and formaldehyde. 
These were chosen as the Hull cell work had demonstrated that they showed 
a range of functionality in reducing brightener consumptIon. 
4 11 Determination Of Factors Affecting Brightener Consumption When Using Insoluble 
Anodes 
The sacnficial species work had clearly shown that tlus novel approach to redUCIng 
brightener consumption was very effective. One class of organic species was found 
to be particularly successful In thIs regard namely L-ascorbic aCId. These 
experiments were dIrected at determining the maIn factors affectIng brightener 
consumption at Insoluble anodes and included more detaIled work with L-ascorbic 
acid. 
4.11.1 NInety MInute Plating Test 
The plating cell for these experiments was set up as indicated in 4.1.3 WIth a 
platIng time of 90 minutes. 
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The applIed current was 5 0 A (glVlng an anode current density of 11.4 Adm-2 
for a 44 cm2 anode) and the base electrolyte consisted of 120 gIl copper 
sulphate pentahydrate (except where soluble copper anodes were used and the 
standard 80/225150 electrolyte was employed)_ TIns higher copper 
concentration meant that no copper replenishment would be required by the 
end of the platmg tlme_ Although generally chlonde and carner were used at 
50 ppm and 5% respectively, some variations did occur as Will be seen below_ 
NB Anode C4 was single sided and therefore the surface area was only 
22cm2_ 
4_1LLI Factors 
i) Anode Matenal 
Although, as has already been stated, the maJonty of this 
work concentrated on anodes C2 and Dl, most of the other 
anodes detruled in Table 9 were investigated in some of the 
standard tests_ 
ii) BSDS Concentration 
A fresh solution containing 5 gIl BSDS was produced every 
day using a four figure balance and volumetric flasks_ In 
this way BSDS additions could be accurately made to the 
platmg cells using a mlcroplpette_ This component was 
added at the start of the plating regime, and subsequently 
after 30 and 60 minutes_ 
iii) L-ascorbic ACid Concentration 
For the higher concentrations L-ascorbic aCid was added to 
the electrolyte at the beginmng of the platmg cycle as the 
sohd and allowed to dissolve before the current was 
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applied. However, when used at ppm levels a 5 g!1 solution 
was produced and the reqUired addition made by 
micropipette. 
IV) Chlonde 
Work at Shipley Co. Inc.68 had shown that chlonde had a 
major effect on bnghtener consumption. Therefore, 
although most testing used an electrolyte contaimng the 
standard 50 ppm chlonde, the effect of using alternative 
levels of chloride was examined. 
v) Carrier 
The effect of carrier was mrunly determined by either 
having 5% in the electrolyte or none and this component 
was introduced as Electroposit M. 
vi) Anode Area 
Plating tape was used to study the effect of reducing the 
anode area from the standard 44 cm2• 
vii) Agitation rate 
This was vaned by simply adjusting the setting on the hot 
plate stirrer. In addition, the effect of rur agitation was 
investigated by placing an air bubbler into the plating cell. 
Vlll) Temperature 
The effect of raismg the temperature to 45 DC was evaluated 
by placing the plating cell in a water jacket. 
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4.11.1.2 Responses 
i) Bnghtener ConsumptIon 
The brightener level at the end of the plating cycle was 
determined by the TBA method. It should be noted that in 
CIrcumstances where electrolytes other than 801225150 + 5% 
carner were used the relevant amount of chloride and/or 
carrier was 'added back' to the electrolyte before a TBA 
measurement was made. 
il) L-ascorbic Acid OxidatIOn 
Other workers69 have shown that the concentratIOn of 
L-ascorbic acid is linearly proportional to the limiting current 
denSity of the anodlc oXidatIon wave. Appendix 2 gives the 
results of a standard additIon method used to analyse a known 
concentratIon of L-ascorblc acid in an 80/225150 with 5% 
carrier electrolyte using a platinum RDE. Again it can be seen 
that the response is linear and the result (known concentration 
4.1 gIl, concentration by standard additIon 4.3 gIl) is very 
close. This method was therefore used to deterrrnne the 
L-ascorbic acid concentration at the end of the plating cycle. 
The standard addition techmque was preferred to a calibration 
graph as it was thought that it would eliminate any 'nOise' 
due to the formation of breakdown products during plating. 
Three 100 ml samples of electrolysed solutIon were taken to 
which were made the followmg standard addItIOns. 
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Standard L-ascorbic acid 
addition (1:11) 
1 0.0 
2 0.5 x Imtlal conc. 
3 1.0 x Imtlal conc. 
Anodic polanzatlon curves were then generated for each 
sample utllizmg program PTOX and the ll1mtmg current for 
the oxidation of L-ascorbic acid detenmned. These were then 
plotted agamst the L-ascorbic acid standard additions and the 
actual L-ascorblc acid concentration could be determined 
from the intercept on the x -axiS. 
iii) Chloride Loss 
The chlonde concentration before and after plating was 
determined using a Radiometer Autotltrator. A 50 ml sample 
of the bath was taken and diluted to around 150 ml with 
deiomsed water. A small amount of concentrated nitric aCid 
was then added to the sample and the autotitrator performed a 
potentlOmetnc titration (versus a Silver chlonde (AgCl) 
reference electrode) With 0.2M Silver chloride. 
iv) Cathode Efficiency 
It was considered important to mvestlgate this factor smce 
L-ascorbic aCid must have no adverse effect on plating at the 
cathode. 
Cathode efficiency was determined by the following 
procedure. The copper fOil was first scrubbed and dned in an 
oven at 110 °C for 10 minutes and then accurately weighed. 
At the end of the plating cycle the foil was dned and weighed 
agam and the cathode efficiency calculated usmg Faradays 
laws of electrolysis such that; 
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Q=It 
and 
w=MltlzF 
where 
Q = the electncaI charge (C), 
I = current (A), 
t = time (s), 
w = mass of species (g), 
M = molar mass of species (g mol-I), 
Equation 7 
Equation 8 
z = number of electrons Illvolved in an electrode reaction, 
F = Faraday Constant (96,485 Cmol-I). 
Taking the atomic mass of copper to be 63 546 gmol -I then 
for the plating time and current used III tlus expenment the 
mass of copper deposited would be; 
w = 63.546 x 5 x 5,400/2 x 96,485 = 8 891 g 
If the weight of the copper foil before plating is fl and after 
plating is 12 then; 
% Cathode efficiency = «12-fl)/8 891) x 100 Equation 9 
v) Deposit Appearance 
At the end of the plating cycle the appearance of the 
electroplated copper deposit was recorded. 
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vi) Solutton Appearance 
The colour of the plating solution at the end of the plating 
cycle was noted. 
4.11.1.3 Solution Colour Change EXl'enment 
It wIll be seen from the results of the above work that, under 
certain conditions. (Le. when L-ascorblc acid was added to an 
electrolyte) the solution turned green. TIns depended to a certain 
degree on the concentraUOn of L-ascorblc acid in the electrolyte 
and the length of time the solutton was kept To gain a further 
Insight Into the nature of tlus phenomenon the following 
expenment was carned out. 
Eight 500 m1 electrolytes were made up and treated in the manner 
shown in Table 10. 
Before any plating was carried out the program SOLIDOX2 was 
used to produce an anodtc polanzatton curve (with anode C2 as 
the working electrode) for each solutton. The colours of the 
solutions were then noted and plating perfonned as descnbed in 
the 90 minute beaker test using anode C2. After this the solutions 
were stored in glass containers and at regular intervals the colour 
of the soluttons was noted and further polarization curves 
generated from whIch the Itnnttng current for L-ascorblc aCId 
oxidatton was detenmned. 
4.11.1.4 Oxygen Evolution Efficiency 
ThIs experiment was set up as per the 90 nnnute plating tests 
except that the plating time was extended to 2.5 hours for reasons 
that will be explained later. 
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The main anodic reaction at insoluble anodes IS; 
Reaction 13 
i e. water IS broken down to generate oxygen and hydrogen Ions. 
For this reason the normalIty of the electrolyte will Increase 
during electrolysis. Consequently, if it is assumed that thIS IS the 
only way that hydrogen ions can be formed In an 801225150 
electrolyte then by measuring the Increase In sulphuric acid 
concentration at the end of the plating cycle It should be possIble 
to calculate how much oxygen has been evolved. 
Taking the molar mass of oxygen to be 31.999 gmole·1 then by 
rearranging Equation 8 the number of moles of oxygen lIberated 
using this electrolysIs time should be; 
O2 (moles) = 45000 196485 x 4 = 0.1166 moles 
Since, 
I mole 02 '" 4 moles 4H+ 
then, 
0.1166 moles of 02 '" 0.4664 moles H+ = 0.2332 moles of 
H2S04= 22.87 g of H2S04 
sInce 500 ml of electrolyte were used the effective increase In 
sulphuric acid concentration should be, 
2 x 22.87 = 45.74 g!l 
The sulphunc aCId concentration was analysed USIng an acid-base 
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titration with bromo-phenol blue as indIcator and lM sodium 
hydroxide as titrant. Initial work (that used the standard 90 
minute plating time) however, indicated problems in obtainIng 
reproducIble values for the sulphuric acid concentration both at 
the start and the end of electrolysis. It was thought that tins might 
be due to the strong blue colour of the electrolyte interfering WIth 
the yellow to blue colour change of the titration and reference to 
the 'Electroplaters process control handbooe6, seemed to 
confirm thIS SInce it suggests removing copper from the sample 
to be analysed WIth ferrocyanide prior to titration. Two changes 
to the procedure were therefore Introduced to take account of this 
problem. 
In the first place the sulphuric acid concentration was not 
determined at the start of the platIng time but instead each 
electrolyte was freshly prepared using concentrated (98%) 
sulphunc acid that was accurately weighed to make each 
solution. The plating time was then extended as mdicated above 
and tins meant that most of the copper had been removed by the 
end of the plating cycle. It was now found that the titrations 
became much more reproducible. 
Using this method the oxygen evolution efficiency was 
calculated for each of the anodes under test In the 80/225150 + 
5% carrier electrolyte. The effect of carrier and chloride were 
also investigated. 
4.11.2 Further Hull Cell Testing 
The 10/13 mInute Hull cell test was used to determine the effect of carner 
and chloride on brightener consumption rate for the six anodes Cu, C2, C4, 
01, S2 and PbOz. Anode C2 was also employed to investigate the 
concentration of chlonde required to have a significant impact on bnghtener 
consumption. In addition, the functIOnalIty of the sacnficlal species 
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L-ascorbic acid, 2,7-dehydroxynaphthalene (DHN), fructose and HAS on 
anodes C2, C4, S2 and Pb02 was evaluated using the 2/1 0 minute Hull cell 
test. 
4.11.3 The Detection Of MPS And BSDS By HPLC 
The callbratlon work detatled m Appendlx 1 had demonstrated that BSDS 
could be detected m an 801225150 + 5% carrier electrolyte. The reactions 
detailed in section 2.2 demonstrate that MPS plays a key role m the 
oxidatiOn/reduction cycle of BSDS. For thls reason it was thought that some 
work should also be carned out to try and detect thlS species using HPLC in 
sulphuric acld and 801225150 + 5% carrier electrolytes. 
4.11.4 Thirty Minute Plating Test 
To obtain a more accurate measure of BSDS consumption it was deemed 
desirable to develop a plating test that employed HPLC as the means to 
detenrune BSDS concentration. The only drawback with this method was 
that the detection limit was found to be around 5 ppm BSDS (see Appendlx 
1). Therefore, relatively high concentrations ofBSDS were used in these 
expenments and the plating time had to be kept short. 
Again the plating cell was as descnbed in 4.1.3 but with the reduced plating 
time of 30 minutes. For this reason an electrolyte based on 80 gIl copper 
sulphate pentabydrate was used. 
Talang mto account the results of the 90 nnnute plating test, some of the 
same factors were revisited. By doing this It was hoped to not only confirm 
but also extend some of these findings. 
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4.11.4.1 Factors 
i) Anode Material 
Once again most of this work concentrated on anode C2 but 
all the anodes listed in Table 9 were used for some tests. 
li) Chloride 
Again this was varied with addItions of 25% hydrochloric 
acid but more concentrations were InvestIgated than in the 90 
minute platIng test. 
liI) Carrier 
In a similar fashion to chloride above this was again looked at 
in more detail than the 90 minute test, but was varied, again 
with addItions of E1ectropos!t M. 
iv) Anode Area 
PlatIng tape was used to reduce the surface area of the anode 
so that this factor could be investIgated. 
v) Apphed Current 
Although most experiments used an apphed current of 5 A, 
the effect of Increasing and reducing this was Investigated. 
v) BSDS Concentration 
As already mentIoned, a much higher BSDS concentration 
had to be used for these tests. Fifty ppm BSDS was added to 
the electrolyte in the initIal experiments utIlIzIng anode C2 
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but when other anodes were employed, that had much higher 
BSDS oxidation rates, it was necessary to increase tlus to 
lOO ppm (and for lead dioxide to 150 ppm). To determine the 
BSDS consumption rate using HPLC it is obviously 
necessary to know the BSDS concentration at the start and 
end of the plating cycle. Due to this, all the BSDS had to be 
added at the start of the plating cycle. 
vi) Sacrificial Species 
Anodes C2, C4, S2 and PbOz were used for these 
experiments and the only sacrificial species tested were L-
ascorbiC acid, DHN, HAS and Fructose. For comparative 
purposes the iron 'Redox couple' method was also evaluated. 
The effect of L-ascorbic aCid was not only detenmned In the 
80/225150 + 5% carrier electrolyte, but also in 801225150, 
80/225/0 + 5% carrier and 80/225/0 electrolytes. 
4.11.4.2 Responses 
i) BSDS Consumption Rate 
This was determined by measuring the BSDS concentration 
at the start and end of the plating time using HPLC. 
It should be noted that this technique was used to simply 
determine the BSDS concentration. It IS known that BSDS 
breaks down to other speCies, some of which have bnghtener 
activity. Therefore, it is important to remember that a low 
BSDS concentration may not necessanly correlate to a non-
bnght depOSIt. However, as will be seen, It does give a good 
indication of the rate ofbnghtener OXidation. 
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ii) Loss Of Chloride 
This was determined as previously descnbed. 
Ill) Cell potential 
The cell potential (Ecell) was measured after 15 minutes of 
platmg by using a voltmeter versus a SCE (immersed 
between the anode and cathode m the cell) as reference. 
4. I 1.4.3 Carrier Detenninatton 
A stock solution of either 80/225150 or 80122510 and 5% earner 
was made up from wInch a 200 mI sample was retained for 
analysis. The plating cells were then run as descnbed above usmg 
the four anodes C2, C4, S2 and Pb02 (NB no bnghtener was 
added to the electrolyte). The carrier concentration was then 
determmed using the method descnbed in 4 6.2. 
4.11.4.4 BSDS Consumption In A Sulphuric Acid Electrolyte 
In this 'one off' experiment the oxidation of BSDS using anode 
C2 was examined in a 10% sulphuric acid electrolyte. The plating 
cell was set up exactly as described in the 30 mmute plating test 
except that an iridium dioxide mesh was used as the cathode. 
A 2 ml sample of the electrolyte was taken before the plating 
current was applied, and then snmlar samples were obtamed 
every 6 minutes. These samples were then analysed for BSDS 
usmgHPLC. 
65 
EXPERIMENTAL 
4.12 Further Electrochemical Studies 
In this work only ROEs were used and, in the case of the insoluble auode materials, 
these discs had been punched from a sample of the auode. The back of the disc was 
then polished to remove auy of the oxide coating from this side to reveal the 
underlying tJtaulUm The disc was then mounted in a PTFE holder aud a small 
amount of sealaut was placed on the shoulder of the holder before inserting the disc 
to ensure a watemght fit The mounted disc was then attached to the rotator 
assembly, contact between the rotator aud the dIsc being made via two gold tipped, 
spnng loaded, needle probes. ROEs of 5 mm diameter for auodes C2, S2 aud C4 
were made m thIS way but experiments were also carned out usmg a staudard 4 mm 
platinum ROE. Both the platinum and the insoluble anode ROEs were used in 
conjunction with programs ELPT2001 aud EL2001 (see 4.5.\) to produce anodic 
polanzation curves. 
Cyclic voltammetry was only carried out with the platinum ROE as it was found 
that with the oxide ROEs the surface was so rough that a meaumgful CV could not 
be obtained. The three programs PTAA, PT2001NR aud PT2001R were used for 
this work detaIls of which are given in 4.5.2. 
The electrochemical properties of various plating additives (chloride, carrier, BSOS 
aud sacnficial species) were detennined in this way using the selection of auodes 
gIven above. 
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5. RESULTS 
5.1 Insoluble Anodes Versus Soluble Anodes Life Study 
i) Inorganic And Organic Analysis 
Control graphs for the bnghtener, chlonde and carner analysis are shown in 
Figures 17-20. 
In addition the hydrochlonc aCid replenishment rates for the two baths were 
found to be; 
Insoluble anodes - 0.56 pl/ Ahrl 
Soluble anodes - 2.44 IlVAhrl 
The brightener replenishment rates for EPllOO were calculated as follows; 
Insoluble anodes - 60 mU Ahrl 
Soluble anodes - 0.74 mUAhrl 
TIns data can be converted to a BSDS consumption rate of; 
Insoluble anodes - 2.44 mg! Ahrl 
Soluble anodes - 0.03 mg! Ahrl 
11) Mechanical Properties 
a) Elongation And Tensile Strength 
Values for these two properties are given in Table 11 and Figures 21-22. 
Maximum elongauon properties are quoted as these are considered the most 
reliable values since ffilmmum and mean values can be affected by defects in 
the fOil and vanattons In fOil tlncknesses. 
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b) Thennal Shock And Hole Centre Thickness 
Tables 12a-b and Figures 23-28 detail these results for both the 0.9 and 
0.34 mm holes. 
Iii) Other Responses 
It was noted that on ageing the soluble anode solution became green in colour, 
whilst the insoluble anode electrolyte remained blue. 
5.2 Detennination Of The Consumption Rates And Electroplated Copper Deposit 
Ouality Using Some Known Brighteners 
1) Board Appearance And Dose Rate 
Descriptions of the board appearance when dIfferent bnghteners were used at 
both 3.0 and 6.0 Adm·2 are given in Table 13 along with details of brightener 
dose rates. This Table lists the brighteners 10 the order rn whIch they were tested 
and it will be noted that BSDS was repeated towards the end of the experiment. 
This was simply because thIS brightener is the one used throughout the study 
and it was considered of paramount importance to obtain accurate data for this 
species. 
Figure 29 shows the minimum dose rates required to obtain a bright deposit 
dependrng on the brightener utIlIzed. 
11) Electrochemical Analysis 
The polarization curves, generated using program PTOX, for the vanous 
bnghteners used in thIS study are given in Scans 1-4 and the oXIdation potentials 
denved from these curves are given in Table 14. 
68 
RESULTS 
5.3 Initial Characterization Of Some Commercially Available Anodes 
5.3.1 Morphological And Elemental Analysis 
The results of the elemental analysis of the msoluble anode matenals are 
given m Table 15. Photographs 6-19 show the SEM image of the surface of 
the anode coatings (at 1000x magmfication) and Table 16 gives a brief 
descnption of the morphologtcal appearance. 
5.3.2 Bnghtener Consumption By HuIl CeIl 
Table 17 detruls the amount of burnlmatt recorded on the HuIl ceIl panel 
after 2 and 10 rrunutes for the vanous anodes. 
5.3.3 Electrochemical Analysis 
The electrochemical data, generated from the polarization curves of the 
various insoluble anodes in a range of electrolytes with and without BSDS, 
is given in Tables 18-19. TIns data IS plotted against anode composition in 
Figures 30-36 whIlst the effect of electrolyte on the Tafel slope and limiting 
current for BSDS oXIdation IS shown Figures 37-38. Some examples of 
these polarization curves are also shown in Scans 5-10. 
5.4 An Evaluation Of The 'Redox Couple'Method 
Table 22 gives values for the standard redox potential of the vanous metals ions 
taken from Pourbrux67• 
5.4.1 HuIl CeIl Evaluation 
Tables 20-21 detail the results of the 211 0 minute Hull cell tests usmg the 
various 'Redox couples'. FIgure 39 demonstrates the relatlonship between 
these results and the redox potential for the vanous specIes. 
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5.4.2 Electrochemlcal Evaluation 
The anodtc polarization curves produced using program SOLIDOX1, 
demonstrating the effect of various 'Redox couples' on the anodic oxidation 
ofBSDS at anode Ml are shown in Scan 11. 
5.5 An InvestigatIOn Into The Use Of Sacrificial Species To Reduce Bnghtener 
Consumption 
5.5 1 Determination Of Prospective Organic Sacnficial Species And Imtlal 
Screemng Usmg Anodlc PolanzatlOn 
Table 23 hsts the prospective sacrificial species and descnbes their solubility 
in 225 gIl sulphunc acid. In addition the Table details observations from the 
anodic polarization curves obtained from a O.5M solution of these various 
species using anode M2 and program SOLIDOX2. Scans 12-17 illustrate 
some of these polarization curves whilst Scans 18-19 show the anodlc 
oXidation of L-ascorbic acid and oxaliC acid on a variety of anodes. 
5.5.2 Secondarv Screening Using The Hull Cell 
The effect of adding various concentrations of sacnficial species on the 211 0 
minute Hull cell are given in Table 24 for anode C2 and Table 25 for anode 
D 1. The results are also illustrated in Figure 40. 
5.5.3 Further Anodic Polarization Work 
Scans 20-22 illustrate the effect of L-ascorbic aCid, HAS and formaldehyde 
on the anodic polanzation curve for BSDS m an 80/225150 + 5% camer 
electrolyte using anode C2. 
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5.6 Determination Of Factors Affecting Brightener Consumption When Using Insoluble 
Anodes 
5.6.1 Ninety Minute Plating Test 
The results of this test are detaIled In Tables 26-30 and Figures 41-58. 
5.6.1.1 
5.6.1.2 
Solution Colour Change Expenment 
Table 31 gives the values for lllrutlng current and observed 
solution colour changes for the eight soluttons descnbed In Table 
10 and are plotted In Figure 59. 
Oxygen Evoluuon Efficiency 
The data produced from this expenment IS shown In Table 32 and 
Figures 60-61. 
5.6.2 Further Hull Cell Testing 
The values for TBA and Hull cell bum when carner and chloride were 
varied using the 10/13 minute Hull cell test on vanous anodes is given In 
Table 33 and Figures 62-63. 
The effect of chloride in this same test using anode C2 is given in Table 34. 
The results of the 211 0 nnnute test with L-ascorblc aCid, DHN, HAS and 
fructose when uSing anodes C2, C4, S2 and Pb02 are given in Tables 35-38 
and are plotted In the hIstogram Figure 64. 
5.6.3 The Detection Of MPS And BSDS By HPLC 
Values for the retention times and area counts for 50 ppm solutIOns of MPS 
and BSDS in various electrolytes are detailed In Table 39. 
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5.6.4 Thirty Minute Plating Test 
Tables 40-50 detail the expenmental data for this part of the study that are 
also shown graplucally in Figures 65-90. 
5.6.4.1 Carner Determination 
The results of thiS expenment are given in Table 51 and Figure 
91. 
5.6.4.2 BSDS Oxidation In A Sulphunc Acid Electrolyte 
Table 52 gives the results of thiS test whilst Figure 92 plots them 
graphically. 
5.7 Further Electrochemical Studies 
i) Cyclic Voltammetry 
Scans 23-26 and 33-36 illustrate the CV work carned out using a Pt RDE and 
program PTIOONR and PTAA respectively. 
ii) Anodic Polarization 
Polarization curves produced using program EL200 I and the IDsoluble anode 
ROEs are shown ID Scans 27-32 and 37-39. Some of the electrochelTIlcal data 
derived from these curves IS given in Table 53-55 
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6. DISCUSSION 
6.1 Insoluble Anodes Versus Soluble Anodes Life Study 
i) Inorganic And Organic Analysis 
figure 17 shows the change in TBA With time. It was aimed to keep the TBA m 
the range 3.5 to 7.5 with an optimum at 5.0. It can be seen that for the insoluble 
anode tank the TBA value IS very erratic and in practice it was extremely 
difficult to keep the TBA at values less than 10 O. 
Adjusting the brightener dosing pump to a value that mamtamed a constant TBA 
value was found to be Impossible. A setting rrught be found at which the TBA 
gradually increased but it would never level out. If the dosmg pump was 
switched to the next setting down the TBA value steadily dropped to below 3.0 
and bummg of the boards resulted. It was attempted to improve tins situation by 
using 40x, 3Sx and 36x concentrates but eventually the same situation was 
always met. However, the 36x concentrate did appear to improve the situation 
shghtly. Thus, the only way to control the brightener at somewhere close to the 
control limits was to allow the TBA to rise toI2.0-IS.0 at which pomt the pump 
would be switched off for 20-30 minutes. The TBA was then allowed to fall to 
5.0-7.0. At this point dosmg restarted and it would normally take approximately 
2 hours before the TBA reached 12.0-15.0 again 
The TBA values obtamed from the soluble anode tank starkly contrasted those 
from the insoluble anode tank. They were very stable and eaSily kept within the 
control limits. A setting on the dosing pump that mamtamed thiS situatIOn was 
easily found and only rarely reqUired adJusting. 
Figure 18 shows the Hull cell analysis for bnghtener m the respective tanks. 
Agam the results from the msoluble anode tank are qUite erratic although after 
about 70000 Ahr they became rather more stable. It can also be seen that the 
burnlmatt regIOn on Hull cell panels from the soluble anode tank is often less 
than 10% (particularly towards the end of the tnal) whereas on the insoluble 
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anode tank the bum is rarely less than 10-15%. This is in contrast with the fact 
that the TBA values indicated that the insoluble anode tank was generally 
running at a much higher bnghtener concentration. A difference was also noted 
in the appearance of the boards that were obtained at equivalent TBA values 
from the two baths. At TBAs between 3 and 6, burnt/matt boards were produced 
from the insoluble anode tank whereas perfectly bright ones were obtained from 
the soluble anode tank. 
This phenomenon IS most probably due to the formation of other brightener 
species in the soluble anode tank that are more active in the high current denSity 
region. These appear to be much more difficult to form in the insoluble anode 
tank and there may be two explanauons. It might be that the organics are being 
so rapidly consumed In the Insoluble anode tank that the build up of any 
secondary species IS difficult However a second reason may be linked to the 
fact that Cul+ions are rapidly oxidized at insoluble anodes (see 6.7.1) and so the 
Cul+ brightener species discussed in 2.2 (Reactions 7 and 8) are less likely to be 
fonned. 
The brightener consumption rates calculated in 5.1 indicate that the Insoluble 
anode tank required 80x more brightener than the soluble bath. 
Figure 19 illustrates the results for carrier analysIs and it is apparent that In the 
early stages of the work the carrier concentration increased rapidly in the 
insoluble anode tank. It may seem surprising, therefore, that the carrier 
consumption rate calculated in 5.1 is significantly higher on the insoluble anode 
tank than on the soluble anode tank. 
This rise In carrier concentration at the start of the test is not therefore because 
of a lower consumption rate but due to the fact that, although a 45x EPllOO 
concentrate was being used in the early part of the tnal, the consumption of 
brightener product was sull about 5x higher than in the soluble anode tank. 
Consequently, 5x more carner was also being added and although the 
consumpuon of carner may have been higher on the insoluble anode tank, 
addition of carrier to the bath was still outstripping consumption and a rapid rise 
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in concentration was seen. To avoid any further increase in carner concentration 
the replenishment was switched to brightener only. 
The copper and sulphuric acid concentrations remained fairly constant on the 
soluble anode tank but obviously they fluctuated throughout the day in the 
insoluble anode bath. At the start of the day the copper sulphate was about 95 gII 
but thiS gradually fell as copper was deposited at the cathode. Since water was 
OXidized at the anode to form oxygen and hydrogen Ions the sulphuric aCid 
concentration gradually increased. 
Figure 20 shows the vanatlOn In chloride concentration with bath age and it can 
be seen that the chlonde concentration is generally lower with soluble anodes 
than with insoluble. Indeed, the optimum value of 50 ppm was much more 
easily maintll1ned when insoluble anodes were used than With soluble anodes. 
This was confirmed when the chloride consumption rates given in 5.1 were 
considered, since values for the soluble anode tank are almost 4.5x greater than 
on the insoluble anode tanle 
The most obvious reason for thiS difference is the presence of copper anodes and 
is probably due to incorporation of chIonde into the black anode film. 
ii) Mechanical Properties 
a) Elongation And Tensile Strength 
Figure 2 I Illustrates the maximum elongation results. These are considered 
to be the most reliable values since both mean and mimmum values can be 
affected by defects In the fOil. 
In most cases, values of maximum elongation at any given time are hIgher 
on fOils produced from the soluble tank. Indeed, overall, the maximum 
elongation was about 2% higher on foils from thiS solution (see Table 11). 
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Tensile strength values (Figure 22) showed little vanation throughout the 
tnal and the mean values for maximum, mean and minimum tensile strength 
from the two tanks are almost idenucal. 
b) Thermal Shock 
This indicator of mechanical properues showed a much more significant 
difference between the two baths than the elongation and tensile strength 
data. 
Figures 23-24 illustrate how the crack rate varied throughout the tnal on the 
0.9 mm holes. It can be seen that the defect rate for all cracks was generally 
higher for boards produced from the insoluble anode tank than from the 
soluble anode bath. 
Reference to the mean values of total cracks for thiS diameter hole (see 
Table 12a) indicates that boards produced from the msoluble anode bath 
have a defect rate almost double that of boards produced with soluble 
anodes. 
More critically, the mean rate for type 3-5 cracks from boards produced in 
the insoluble anode tank was 6.1 %. Any level of these types of defects 
would not be tolerated in a production environment and It should be noted 
that of the 21 boards plated in the insoluble anode tank, l3 showed a 
significant defect rate for type 3-5 cracks. In production terms this would 
mean that over 60% of the boards would have been scrap. The equivalent 
defect rate on boards from the soluble anode tank was pracucally zero and 
no type 5 defects were seen. 
Although the defect rates for total cracks were approximately the same for 
the two anode systems when the 0.34 mm holes were exammed (Figures 25-
26 and Table l2b), those for type 3-5 cracks were again much higher on the 
msoluble anode tank. 
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Takrng both the elongation and thennal shock data into account it is quite 
evident that the mechanical properties of the copper deposited from the 
insoluble anode tank are inferior to those from the soluble anode tank. 
Initially this was thought to be due to the fact that the insoluble anode tank 
had such a high brightener consumption rate. If this bath consumed 80x 
more brightener it might be expected that the bUild up of organic breakdown 
products (that is known to cause a detenoratlon In mechanical properties) 
would occur much faster. However, if bnghtener was being rapidly oxidized 
by insoluble anodes one would also expect the by-products to be combusted 
In a Similar manner. 
The problems in controlling the bnghtener level in the Insoluble anode bath 
may give a more plausible explanation. During the plating time of foIls and 
boards, the bnghtener level in the insoluble anode bath could fluctuate from 
very high levels to low ones. Neither of these situations IS ideal as at low 
brightener concentrations a burnt powdery deposit can be produced whIlst at 
high levels organics can be incorporated Into the electroplate that will reduce 
its mechanical properties. What IS reqUired is a constant brightener level as 
was achieved on the soluble tank. 
As well as this, the active bnghtener species may also play a role in 
producing an electroplated depOSit with good mechanical properties. 
Experience In industry has shown that a 'young' electroplate bath often 
produces boards with very poor mechanIcal properties. As the bath ages the 
mechanical properties Improve and, to the trained eye, even the appearance 
of the electroplate will alter from a darkish bnght, to a mirror bright. A 
sInular effect was observed in thiS tnal on the soluble anode tank and was 
probably due to the fonnatlon of a secondary brightener species as descnbed 
above. However, no such change in the appearance of the electroplate 
occurred on the insoluble anode bath. This again suggests that the insoluble 
, 
anodes are in some way destroying all the organICS species in the bath. The 
electroplatIng solution IS In effect always 'young' and the mechanical 
properties of the deposit are consequently poor. 
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iii) Hole Centre Thickness 
Reference to Figures 27-28 and Tables 12a-b indicates that the 0.9 mm hole 
centre thickness was generally higher on boards produced from the soluble 
anode tank than on those from the insoluble anode solution although on the 
0.34 mm holes little variatIon was seen. Again thiS IS almost certainly due to 
the issues of brightener control on the insoluble anode bath. If the geometry 
of the cells IS eqUivalent then Improved throwing power can be achieved by 
operatIng at as Iowa possIble bnghtener concentration that wIll produce a 
bnght board. This SituatIOn eXIsted at most tImes during the life study With 
the soluble anode tank but. as has already been discussed. thiS was extremely 
dIfficult to achieve when USIng insoluble anodes. 
This IS an Important findIng. SInce the thrOWIng power of an electroplating 
bath determInes the cycle time for that process. Table 12a shows that the 
average hole centre thIcknesses in 0.9 mm holes were 28.5 and 24.1 Ilm on 
boards produced from the soluble anode tank and insoluble anode tank 
respectively. As the platIng Ume was 55 mInutes thIs equates to plating rates 
In the centre of the hole of; 
0.52 IlmlmInute on the soluble anode tank and 
0.44 IlmlmInute on the insoluble anode tank. 
It is generally agreed that 20 Ilm is the minimum reqUired hole centre 
thickness in a PCB. Based on the plaung rates above the Umes reqUired to 
achieve this would be; 
39 minutes for the soluble anode tank. and 
45 mInutes for the Insoluble anode tank. 
An extra 6 minutes on the plaung time may not seem a great deal but In a 
hIgh volume productIon situation this represents a significant loss In 
capacity. 
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IV) Other Responses 
The colour of the baths showed a slgmficant difference after about 
30000 Ahr, the soluble anode tank becoming a green colour whereas the 
insoluble anode bath remained a blue colour and looked Wee a fresh bath. 
It was also noticed that when the carrier extraction was performed the 
solution extracted from the soluble anode tank had a yellow tinge to It whilst 
that from the Illsoluble anode tank remained clear. 
Both these observations appear to suggest that a build up of organic by-
products andlor secondary brightener species is occurring III the soluble 
anode bath, but not in the insoluble anode solution and lend further weight to 
the suggestion that the use of insoluble anodes leads to the destruction of 
organics III the bath. The green colour of the soluble anode bath may also be 
associated With the build-up of Cu l + species in this solution, that are less 
likely to form in the insoluble anode bath. 
6.I.I Summaty 
This work has shown that the use of insoluble anodes led to a massive 
Illcrease III brightener consumption in comparison to when insoluble anodes 
are employed. The impact of this was that brightener control on the plating 
bath containing insoluble anodes was very difficult and this in rum caused 
deterioration in the properties of the deposited copper as demonstrated by 
the elongation and thermal shock results. A further consequence of this 
inability to control the bnghtener was somewhat reduced throwlllg power. 
6.2 Determlllation Of The ConsumptIon Rates And Electroplated Copper Deposit 
Ouality Using Some Known Brighteners 
The brighteners studied in thiS part of the work are detailed in Table 8. 
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6.2.1 General Comments On Individual Brighteners Tested 
i) BSDS 
Reference to Table 13 indicates that the consumption rate of BSDS is 
agam much higher when Insoluble anodes are used than if soluble 
anodes are employed. The Increase in consumptton rate is not so great 
as was found in the hfe study and may suggest that the area of the 
anode is important as will be discussed later. 
If the defect rates for the BSDS tanks on day 2 and 3 are only 
considered then It can be seen that these values are all qUite low and, in 
fact, for the soluble anode tank they were O. However, if the data from 
day I is included then the defect rate increases dramatically and IS due 
to the phenomenon discussed earher of the 'young' bath. It can also be 
seen that there is a tendency for more defects to occur at 3.0 than at 
6.0 Adm·2• This could be due to differences in the crystalline structure 
of the electrodeposited copper at the two current densIties or to 
variations in plating thickness. At the lower current density one would 
expect to achieve better throwing power and, therefore, a thicker 
deposit in the hole. Thicker depOSits are not so ducttle and, therefore, 
less able to withstand the movement of the board during thermal shock. 
Overall, even takIng into account the first day results, the defect rate 
was the lowest observed of any of the brighteners tested. 
11) PPS 
Table 13 shows that under none of the dose rates tested could any 
bright boards be produced with this brightener and indeed the test was 
terminated after only two days for this reason. 
DeSPite the Inability to obtain a bright deposit, boards were still 
produced from thiS test as it was conSidered that matt boards would be 
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acceptable as long as the physical propertIes of the eleclrodeposiled 
copper were good. The results of the thennal shock test show that this 
was not the case as the defect rate for both barrel and corner cracks 
was practically 100% on all boards plaled. 
The absence of chloride from the bath did produce a hint of brightness 
but the defect rate was unaffected. Table 13 further mdlcates that PPS 
gave the worst perfonnance in tenns of physical properties and it IS 
mteresting to note that thIS was also the candIdate that showed the least 
funcnonaiJty towards producing bright boards. 
m) UPS 
UPS did not show any bnghtemng acnvlty when first added to the 
baths. Nevertheless, at the higher dose raleS it was found that, after the 
bath had been idle overnight, in the morning a bright deposit could be 
obtained. For this reason one tank was left idle for one day to allow the 
brightener species to build up so that a bright board could be plaled. 
Despile this, whether the test boards were matt or bright, the defect 
rates were still very high. The only dIfference was that on the bnght 
boards a lower incidence of barrel cracks was observed. The removal 
of chloride from the bath caused all brightener activity to cease and 
very poor deposits and physical properties were seen. 
iv) ZPS 
Some degree of bnghtener actiVIty was seen with ZPS almost 
immediately. However, obtaining a uniformly bnght board was very 
difficult as the holes always tended to be seml-bnght. 
The substance appears to bnghten by acting as an inhibitor, but there 
seems to be a fine Ime between total mhlbinon and bnghtness and this 
manifested itself as skip plating, which was observed on the high dose 
rate tank. 
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This was also the only bath tested without chlonde that showed 
significant brightener function under these conditions although again 
acluevmg a unifonn deposit was problematic. With no chloride and no 
carner a more unifonn serm-bright deposit was obtained. 
The defect rates were extremely poor, mdeed for corner defects only 
PPS was worse, possibly due to the serm-bright nature of the deposit 
around the holes. 
v) 0-17 
This candidate produced bright boards nght from start up and a very 
steady dose rate was qUickly found. From then on this bath made 
boards that were consistently bnght at all three dose rates. 
The defect rates on the low and mid dose rate tanks started off being 
comparatively good but got progressively worse with time. This IS in 
contrast to the pattern usually seen with BSDS type baths suggesting 
that the concentration of this candidate (or ItS by products) are directly 
related to the physical properues of the bath. This is further 
emphasized by the fact that the high dose rate bath exhibited very poor 
defect rates from day 1. 
Although the dose rates for this brightener seem quite low it should be 
noted that this matenal was supplied as a ilqUld and, since it is a 
distillation product that is known to contrun more than one organic 
species, It is difficult to determine the actual consumption rate with any 
certainty. 
vi) RJ-H 
This candidate produced fully bright boards from day 1 With, 
generally, a gradual mcrease m defect rate over time. However, the 
physical properties at 6.0 Adm·2 were relatively good on the low dose 
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rate tank. The values for consumption rate should agaIn be treated With 
some caution with thiS candidate for the same reasons as 0-17. 
vii) OPX 
It proved quite difficult to maintain this brightener at a level that did 
not cause Its concentration to Increase out of control. Only on the low 
dose rate bath was some degree of manageabIlIty obtaIned, but the bath 
was always on the verge of being completely depleted In brightener. 
However, under these conditions some of the best solder shock results 
were obtamed. At the higher dose rates this situation deteriorated 
somewhat, although the defect rates generally dropped as the baths 
were worked, m a sllnilar fashion to BSDS. 
Vill) Methyl Violet 
Methyl violet was included in this test as it is used in some of 
Shipley's licensed products. 
Although !Ius candidate gave a consistently fully bright board, the dose 
rate to maintain this was incredibly high i.e. some 200x greater than for 
BSDS. 
The thermal shock results for boards produced from this bath were 
very poor smce, despite the fact that no barrel cracks were seen, the 
corner crack rate was extremely high. 
6.2.2 Electrochemical Analysis 
The polarization curves for these brighteners (Scans 1-4) indicate that only 
PPS and UPS did not show Significant oXidation below the oxygen evolution 
potential. It IS Interesting to note that these were also the two species that 
showed the least bnghtener activity. 
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Of the bnghteners that did show bnghterung actlVlty ZPS, 0-17, R-JH, OPX 
and methyl vIOlet all show oXidation waves at around 0.8 V (see Table 14). 
Indeed ZPS and OPX seem to behave in quite a slITular fashion, both 
brighteners having two oxidation waves at 0.8 and 1.4 V. BSDS oxidizes at 
around 1.0 V with one of the highest limiting currents. 
Methyl violet stands out as haVing an oxidation wave at a low potentIal With 
a high limItmg current and a low Tafel slope. This suggests it is easily 
oxidized and explains the high consumption rates found with this brightener. 
6.2.3 Summary 
Figure 29 and Table 13 demonstrate that only the brighteners currently used 
by Shipley gave consistently bright boards i.e. BSDS, 0-17, RJ-H, OPX and 
Methyl Violet and none of these brighteners gave dose rates anywhere near 
that achieved when soluble copper anodes were used with BSDS and 
maintained bright boards. 
BSDS, 0-17 and OPX gave dose rates some 10-20x lugher than the control. 
The other brighteners gave much higher dose rates, although for PPS, UPS 
and ZPS it was much more difficult to define a dose rate as they tended not 
to produce a bright deposit. 
If the results for BSDS are considered then it can be seen that tlus bnghtener 
gave solder shock results that were far superior to any of the other 
candidates tested. RJ-H and OPX produced some good values partIcularly 
when the dose rate was kept low. After these It was only 0-17 which showed 
any promise, the other candidates having extremely high defect rates. 
None of the bnghteners tested could operate under chloride free conditions 
and give a uniform bright deposit. The removal of chlonde from the 
electrolyte also had a catastrophic effect on the mechanical properties of the 
depOSIt. 
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Only those bnghteners that showed oXidation waves on the anodic 
polarization curves also gave bnght deposits. Unfortunately, it is this anodlc 
electrochemical activity that makes them easily oxidized at insoluble anodes. 
6.3 Imtial Charactenzation Of Some Commercially Available Anodes 
• 
6.3.1 MorphologICal And Elemental Analysis 
The elemental compOSitIOn of the anodes was generally in agreement With 
the manufacturers description for each anode (compare Tables 9 and 15). 
However, as was mentioned in sectIOn 3.3.1, tantalum IS present at quite 
Significant levels in many of the indlUm based anodes. No titanium or 
niobIUm (I.e. the base metal) was detected on either anode C4 or D I, which 
are the two platinum based anodes. Consideration of the SEMs for these two 
anodes (photographs 9 and 12) shows that they have a very dense structure 
With no fissures or cracks. Interestingly, anodes SI and MI (Photographs 10 
and 16) also have quite dense structures and again htile tltamum is detected. 
It might be, therefore, that thiS phenomenon is due to the surface 
morphology of the oxide preventing the electrons penetrating to the base 
metal, although this will also be a function of the thickness of the coating. 
The amount of oxygen found in the various coatings vanes from around 10-
30% by weight and is presumably a function of the mode of manufacture. 
This will affect the amount, nature and stoichiometry of the oxide formed on 
the various metals (titanium, indlUm, ruthenium, platinum etc.) 
The descnptlons of the anodes gIven In Table 16 show that the 
morphological structure of the surface of the anodes can be related to its 
elemental make up. All of the ruthenium contaimng anodes show a certain 
degree of mud-<:racklng In their surface structure but the three anodes 
exhibiting the most extreme examples of this type of structure, C3, D2 and 
D4, are all udlUmlruthenium dioxide anodes. Those anodes containing 
Iridium but no ruthenium are characterized by a more scalloped surface with 
some degree of fissuring. As already mentioned the platinum anodes tend to 
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have a very dense structure WIth no fissures or cracks although anode D 1 has 
an almost flat surface compared to C4. 
63.2 Bnghtener Consumption By Hull Cell 
The results of thIS evaluatIon (Table 17) qUIckly establIshed that none of the 
anodes detailed above produced any significant decrease In bnghtener 
consumption rate. It can be seen that when a soluble anode IS used only 34% 
of the Hull cell panel exhIbits a burnt/matt deposit after 10 mInutes whIlst all 
the insoluble anodes gave values of 100%. The only exception to this was 
the sIngle sIded C4 anode but a result of 70% bum stIll implIed almost 
complete bnghtener depletIon. However, this finding does again suggest that 
the area of an insoluble anode IS Important in determIning ItS bnghtener 
consumption rate. 
6.3.3 Electrochemical Charactenzation 
PolarizatIon curves for anodes coded C2 (indlUm dioxide), S2 (ruthenium 
dIOxide), Dl (platinum), Pb02 (lead dioxide) as well as for anode Cu 
(phosphorized copper) are shown in Scans 5-9 and were carried out in an 
801225150 + 5% carrier electrolyte, with and without 20 gIl BSDS (for anode 
D I an additional curve is shown that was performed in an electrolyte 
consisting of 225 gIl sulphuric acid only). The most obvious difference 
between the scans for the insoluble anodes and the copper anode is the 
potential at whIch they operate. The main anodic reaction when a copper 
anode is used is copper dissolution and the conversion of cupric to cuprous 
ions that occurs at very low potentIals and is responsIble for the wave In 
Scan 5 between 0.1 and 0.5 V. Thus for this anode, even at hIgh current 
denSItIes, the potentIal does not rise much above 0.4 V. A very dIfferent 
SltllatIon occurs with Insoluble anodes where the main anodlc reactIon IS 
now oxygen evolution occumng at potentials of 1.2-1.8 V dependIng on the 
nature of the anode. Consequently, anodlc reactions that occur at hIgher 
potentIals are now possIble. For example, apart from anode Pb02, all the 
other Insoluble anodes showed a wave for BSDS oxidation whereas none is 
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apparent for the Cu anode. In addition when anode D I is utilized an 
oxidation wave for chloride was seen (Scan 8). 
Figures 30-31 plot the electrocherrucal data obtained from the polarization 
curves in an 80/225150 + 5% carner electrolyte for the various anodes (see 
also Table 18) agamst their composition. The two data points that stand out 
from these graphs are those for the platinum containmg anodes that not only 
have a high oxygen evolution potential but a very steep Tafel slope for this 
reaction and suggests that water OXidation IS relatively difficult on these 
oxides (see Reactions 9-12). Table 18 also indicates that lead behaves m a 
similar fashion. There is less to diStinguish the other anodes although those 
with a slgmficant amount of ruthenium are characterized by a low oxygen 
evolution potential whilst the mdlUm anodes exhibit a low Tafel slope for 
thiS reactIOn. 
Comparison of the data from the literature search (Tables 4-7) with that in 
Table 18 signifies that although the values for oxygen evolution potential are 
in general agreement, the values for Tafel slope are very much higher m thiS 
work, although the relative trends i.e; 
iridium dioxide < ruthenium dioxide < platinum 
are the same. There are several probable reasons for this. Most of the data 
quoted m the literature was taken from a sulphuric acid electrolyte With no 
additives whilst the above data is from an electroplating solution containing 
carrier and chloride. In additIOn, much of the work detruled in the literature 
used RDEs that would have been polished to give a perfectly flat surface. In 
this study spade anodes were employed and the SEM Images clearly show 
that the surfaces of these anodes are far from flat. 
Table 18 also gives the results from polanzation curves obtruned when 20 g!l 
chloride was added to 801225/0 electrolyte. The concentration of chloride 
had to be thiS high as at the 50 ppm level no chlonde oxidation was seen 
except on anode DI. With the exception of lead, for which no wave was 
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detected, there is lIttle variation In the chlonde oxidation potential (Figure 
32) although the platinum anodes (including anode D4 that contains a mere 
trace of this element) stand out as haVing a somewhat lower potential for this 
reactIon. If the Tafel slopes are considered (Figure 33) It can be seen that 
anodes S I and D3 are prolTIlnent as having very high values (both of which 
are iridium based anodes), whilst anodes composed of platinum and 
ruthenium tend to have lower values for this factor. Figure 34 details the 
lilTIltIng current for chloride oxidation and It IS apparent that anodes C4 and 
D I lunit at much higher currents than most of the other anodes apart from 
anode D3. TIns is related to the oxygen evolution potential that is much 
higher for these two anodes compared to the rest Water oxidatIon therefore 
becomes the main anodlc reaction on the other anodes before the limiting 
current for chlonde oxidation IS reached. However, on anodes C4 and DI 
oxygen evolution does not take over until somewhat higher potentials, 
allowing for more chloride oxidation to occur. 
NB No chlorine evolution was observed In tlus study although it was 
reported in the work carned out at Slupley USA 68. However, it must be 
remembered that any chlonne that might be generated would be at ppm 
levels and could remain in solution as an oxidized Intermediate. 
Taking all this electrochemical data for the chloride oXidatIon reaction into 
account, one would expect chloride oxidation at a platinum anode to be quite 
a favourable reaction since the potential is relatively low, as IS the Tafel 
slope, and the lImiting current is high. This contrasts with the milium anodes 
(partIcularly anode SI), which have comparatively high potentials, high 
Tafel slopes and low limiting currents for the chloride oXidation. The ease of 
this reaction on ruthenium anodes is more difficult to predict as, although 
they do tend to have qUite low slopes for chloride oxidation, e.g. 49.2 
mV/dec for anode S2, the potential IS comparatively higher and the limiting 
current lower than on platinum. 
Table 19 and Figures 35-36 give the results for the oXidation of 20 gII BSDS 
in an 801225150 + 5% carner electrolyte. Once again a high concentration of 
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the reactant was required so that the oXIdatIOn wave could be observed and 
measured (see Scan 10). There was almost no variation m the oxidation 
potential for tlus reaction, all values being around 1.0 V. Anodes SI, D4, M 1 
and to some extent C2 are noticeable as having higher Tafel slopes for 
BSDS oxidation than the other anodes whilst anode Pb02 has a 
comparatively low slope for thiS reaction (97.4 m V Idec). If the linutmg 
current data IS considered then once agam anodes C4 and Dl stand out as 
havmg a htgh hnutmg current for brightener oXidation for the same reasons 
as detatled for chlonde. The ruthenium contammg anodes generally hmit at 
lower current denSIties whtlst the Iridium anodes seem to show quite a 
variatIOn. 
The data for BSDS oxidation in various electrolytes IS plotted m Figure 37 
and two trends are apparent. One is that the Tafel slope for bnghtener 
oxidatIOn tends to decrease when camer is removed from the electrolyte. 
However, as well as this, if both chlonde and carner are removed, then the 
Tafel slope for BSDS oXidation m tlus electrolyte is generally the lowest of 
all. The effect of carrier IS even more pronounced in the linuting current 
density data (Figure 38) since removing It from the electrolyte normally 
causes an increase m thiS value. Interestingly with anodes C4 and D 1 the 
presence of chloride also seems to increase the limiting current density for 
BSDS oxidation. Chloride appears to have an even more slgmficant effect 
on anode Pb02 since, unless It is present, no BSDS oxidatiOn wave is seen. 
6.3.4 Summruy 
When used in an acid copper piatmg bath insoluble anodes operate at much 
higher potentials than conventional soluble copper anodes. Consequently 
reactions such as water, chloride and BSDS oxidation become possible. The 
mechanism by which brightener is OXidized at insoluble anodes Will be 
discussed in more detail later but at this stage it IS Important to note that both 
water and chlonde oxidation can lead to the production of highly oxidizing 
species i.e. hydroxyl radicals, chlonne radicals and chlonne gas. 
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Oxygen evolution appears to be much more dIfficult on platinum and lead 
anodes compared to iridIUm and ruthenium whIlst, for platrnum at least, the 
opposite is true for the chlonde oxidation. I, 
The electrochemical data for BSDS oxidatIon suggests that this reaCtIon IS 
more dIfficult on IridIUm based anodes, but is eaSIer on platInum ones. 
RemovIng carrier from the electrolyte seems to make this reaction e~sIer on 
most anodes. 
6.4 An EvaluatIOn Of The 'Redox Couple' Method 
6 4.1 Hull Cell EvaluatIOn 
Of the Inorganic addItives tested only the sulphates of manganese, Iron and 
tIn caused a reductIon in the BSDS consumed (Tables 20-21). The values for 
manganese IndIcate that on two of the anode materials the burnlm~tt area 
after 10 minutes had been reduced from 100% to 67% and 55% respectively. 
For iron and tin, however, the effect was much more dramatIc. When iron 
sulphate was added to the electrolyte all the anodes tested, except lead, 
produced Hull cell panels with some degree of brightness after 10 minutes. 
A snrular effect was found with tIn sulphate, but a complIcatIon here was the 
co-deposition of tIn In the high current denSIty areas. This would obVIously 
I 
cause a problem at the current denSItIes encountered in honzontal platIng, 
espeCIally SInce the edges of boards plated in such equipment are often at a 
much higher current density than the rest of the panel. I 
Of the other inorganic additIves tested cobalt sulphate had very little effect 
and cerium sulphate had a negatIve Influence since the 2 rrunute Hull cell 
, 
panels showed much more burnlmatt area than the controls. Nickel was 
included In the study since It has only one oxidation state and therefore 
I 
should not functIOn as a redox couple. li 
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Pubhcations from Atotech64•65 suggest that 'Redox couples' reduce 
brightener consumption by maintaining the cell potential below the 
brightener oxidation potential Le. 1.0 V versus SCE. If this were true then 
one would also expect the cell potential to be below that for water oxidation 
and therefore one should observe no oxygen evolutIon. Throughout this 
evaluation It was noted that oxygen was still generated at the anode 
suggestmg that this mechanism is not correct. 
Reference to Table 22 and Figure 39 show that the lower the redox potential 
for a partIcular metal ion, the better is Its abihty to prevent brightener 
consumption. 
6.4.2 Electrochemical EvaluatIOn 
The two additives that have the most dramatic effect on the polanzation 
curves (Scan 11) are the sulphates of iron and tin. When iron sulphate is 
added to the electrolyte an oxidation wave is seen between about 0 4 and 
0.5 V due to the oxidation of Fe2+ to Fe3+. With tin an oxidation wave is seen 
between 0.2 and 1.2 V (Sn2+ to Sn~ and indeed the wave for BSDS 
oxidation is difficult to define before oxygen evolution begins. These 
findings are in general agreement WIth the Hull cell results, although the fact 
that manganese had no apparent effect on the curve, particularly for anode 
Mt, is surprismg due to its well established multi-valent behaviour. 
6.4.3 SUmmary 
The results of the Hull cell testing show that the addition of 'Redox couples' 
to an acid copper electrolyte prevents/reduces brightener OXIdation when 
msoluble anodes are used and their abihty to do thIS is dIrectly related to 
their redox potential. 
The polanzation curves suggest that theIr presence also mhiblts BSDS 
OXIdation although, of course, other oxidation reactions (e.g. chlonde 
oxidation) may be affected in a similar way. 
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6.5 An InvestIgation Into The Use Of Sacrificial Species To Reduce Bnghtener 
ConsumptIon 
6.5.1 Imtial Screening Using Anodic Polarization 
As was mentioned ID 4.10.1, searches were carried out in both the literature 
and the Slgma-Aldrich electronic library for antI-oxidants and reducing 
agents. Several of these were screened out for health and safety and cost 
reasons leavIDg the 38 that are listed in Table 23. 
In the original proposal It was envisaged that organic sacnficlal species 
would function by preferentially oXldlZlng at potentials below that for the 
oXidatIOn of BSDS (I.e. 1.0 V versus SCE). Anodic polanzation was 
therefore used to highlIght those candidates With a low oXidatIon potential. 
Anode M2 was employed for the first part of thiS work, sIDce iridium 
dioxide anodes are most commonly used in horizontal electroplating 
equipment. Table 23 summanzes the findings from this screening test and a 
selection of the resultant polarization curves are shown in Scans 12-17. 
L-ascorbic acid stands out as having a very low oxidation potential (0.4 V) 
with a high limiting current of around 120 mNcm2• Perhaps not 
surprisingly, other related species (D-Isoascorbic acid, L-asCOrblC acid Iron 
(ll) salt and L-ascorbic acid sodium salt) showed simliarly promising 
behaviour. The iron (ll) salt is partIcularly interesting as one might expect 
the Fe2+ !Fe3+ redox couple to also come into play. Resorcinol and 3,4,5-
tnhydroxybenzoate were another two candidates that exlubited encouraging 
electrochemical properties. All these compounds share some structural 
features (see AppendiX 3) for example, they are all closed ring compounds 
with carbon, carbon double bonds to which is attached an hydroxyl group. It 
would appear, therefore that these structural features are important in 
making them readily oxidized. 
Other candidates that showed significant anodlc activity were hydroxy 
methane sulphinic acid (HMS), hydroxylamine sulphate (HAS), 
hydroxylamine nitrate (HAN) and sodIUm hypophosphite (SHP). The 
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polanzatlOn curves for formaldehyde and tartaric acid suggested that these 
compounds were also electrochemically actIve at the anode. 
This anodic polarization work was then extended to mclude some of the 
other insoluble anode rnatenals. Scan 18 illustrates that L-asCOrbIC aCid 
oxidizes very easily on a range of different anode materials. However, this 
behavIOur is not observed with all the species tested. Scan 19, which 
represents the anodlc polarizatIon of the various anodes m the presence of 
OXaliC acid, mdlcates that when anodes M2 and S2 are used almost no 
anodlc activity is seen. In contrast, when D4 IS employed an oXidatIon wave 
occurs at 0.9 V, the limiting current of which increases when anode Dl is 
utIlIZed. It seems apparent, therefore, that the nature of the anode can be 
CruCial in determining whether a given orgamc species Will anodlcally 
OXidize or not. 
6.5.2 SecondarY Screening Using The Hull Cell 
Of the compounds listed in Table 23, only those that were not compatible 
with a sulphuric acid electrolyte were screened out. Twenty-nine compounds 
were therefore investigated using the 2/10 minute Hull cell test (NB three 
additional compounds were added that had been identified by work at 
Shipley Co. Inc., USA). In tins way It was antICipated that the robustness of 
anodic polarizatIon as a screening method could be determined. Anode C2 
was used for most of this work although anode D 1 was also utIlIZed for 
comparatIve purposes. 
Consideration of Tables 24-25 and Figure 40 indicates the efficacy of many 
of these compounds in reducmg brightener consumption. Indeed It can be 
seen that almost half the compounds tested at the 20 gIl concentration 
showed some abilIty to reduce BSDS OXidation. When anode Dl was used It 
was generally found (With the notable exception of fructose) that the 
sacrificial species tended to be less effective at reducing brightener 
consumption than when anode C2 was employed. This may explain some of 
the results from the anodlc polanzatIon work where it was found that many 
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more of the organic species oxidized on anode D I than on other anodes. 
Although their ability to oxidize at this anode may be a prerequisite for their 
potential use as a sacrificial species, if they are then combusted too qUickly 
their usefulness may be short lIVed. 
Using a concentration of20 g!1 of these species IS obviously not desirable In 
terms of cost and the build up of organic breakdown products that may have 
a negative impact on the lifetime of the electrolyte. Therefore, further Hull 
cell testing was carned out to try and establish the mmimum concentration at 
which the most pronusing of these candidates would function under the 
conditions oftlns test. 
Reference to Table 24 mdicates that, apart from the three compounds 
Identified by the Shlpley USA work, the three ascorbic aCid species gave the 
best performance. In fact, these three candidates still showed some 
functionality at a concentration of 8 ppm. This was qUite a surprising 
(though pleasing) find smce consideration of the polarization curves for 
L-ascorbic acid (Scan 18) shows a low oxidation potential and a very low 
Tafel slope for this reaction. One would expect, therefore, that such a 
compound would be very rapidly oxidized at the anode. Indeed, !lus was one 
of the mam concerns about the sacrificial species approach. It was thought 
that any compounds that had favourable anodic oXidation properties would 
oXidize at such a fast rate that vast quantities of the compound would have to 
be added to the electrolyte to maintain low brightener consumption. The fact 
that thiS was not the case suggested that these compounds did not prevent 
BSDS oXidation in qUite the manner predicted. Due to the success of these 
compounds in reducmg bnghtener consumption some additional screening 
work was carried out at Shipley's main R&D facility in the USA 68. This 
work was much more intense and involved an enormous number of 
compounds. Three of the most successful ones are shown in Table 24 and it 
can be seen that they function at even lower concentratIOns than L-ascorbic 
acid. 
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HAN, HAS and SHP out-performed many of the other compounds tested 
and all demonstrated the ability to reduce BSDS oXidation at 200-400 ppm 
levels. 
6.5.3 Further Anodlc Polarization Work 
The effects of sacnficlal species on the anodlc polarizatIOn curves for BSDS 
are gIven in Scans 20-22. In the absence of any such specIes the BSDS 
oXldatJon wave is seen at around 1.0 V. If L-ascorbic acid is added the 
BSDS wave completely disappears and only the L-ascorbic aCId oXidation 
wave occurs at around 0.4 V. In contrast formaldehyde had no effect on the 
BSDS oxidatIOn wave and HAS had only a slight effect 
These results seem to be dlfectly related to a particular species ability to 
prevent bnghtener oxidatJon. From the results of the Hull cell test these three 
compounds could be placed In an order of the mimmum concentratJon at 
which they prevented brightener oxidation such that L-ascorbic acid acted at 
a much lower concentration than HAS and formaldehyde showed very little 
if any functJonahty. 
6.5.4 Summary 
It is quite apparent from these results that when certain organic species are 
added to an acid copper electrolyte that utilizes insoluble anodes, the 
brightener consumption can be dramatically reduced. The anodlc 
polarization work proved to be a good predictor of which compounds were 
most lIkely to be successful and it follows from this that the oxidation 
potential, the limiting current, and the Tafel slopes for oxidation of a 
particular compound are important factors. Although some differences in the 
abIlIty of anodes to oxidize parncular organic species were found, It IS 
interestmg to note that the best sacnficlal species oxidized easdy regardless 
of the Insoluble anode chosen. 
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The Hull cell work demonstrated that compounds of the L-ascorbic acid 
family. along with some others Identified by the Shipley USA work. were 
able to reduce brightener consumption at surprisingly Iow concentrations. 
partIcularly since anodic polarization data indicated that these species had 
very favourable properties for electrochenncal oxidation. 
6.6 Detennination Of The Factors Affecting Bnghtener ConsumptIon When Usmg 
Insoluble Anodes 
6.6.1 Nmety Mmute Plating Test 
I) Bnghtener Oxidation 
Reference to Table 26 mdicates that If a sacnficlal species is not 
supplied to the platmg cell a total addition of 30 mgll ofBSDS has to be 
made before a bright deposit can be achieved when using anode C2. 
Even under these circumstances the TBA value is stIll very low 
suggestIng that most of this lustre is due to a secondary brightener 
species. If the anode is changed to a soluble copper anode it can be seen 
that only 0.8 mgll BSDS is required to give a fully bright deposit and a 
TBA of 5.0. All the other insoluble anode materials were tested using 
30 mgll BSDS but It was only anode C4 that gave a perfectly fully bright 
deposit. Since the other platinum anode (D 1) produced a board with a 
mostly matt appearance it seems most likely that this result was due to 
the fact that anode C4 had half the anode area of all the other anodes and 
agam illustrates the importance of anode area in detenninmg brightener 
consumption. Generally. though. iridIUm dioxide contaming anodes gave 
a better depOSit appearance than those composed of ruthenium dioxide. 
The additIon of 10 gIl L-ascorblc acid to the platIng cell that utilIzed 
anode C2 made the TBA and deposit appearance responses become 
equivalent to those achieved With a soluble copper anode (Table 27). 
Figure 41 shows that even at a concentration of 2.5 gIl a sigmficant 
change in TBA value is seen. Increasing the L-ascorbic acid 
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concentration above 10 g/l did not seem to cause the TBA value to 
mcrease any further but the deposit appearance did seem to improve 
somewhat. When anode 01 was used a concentratIon of 109/! 
L-ascorbic aCId was required to achieve a significant increase in TBA. 
This is hardly surpnsmg for two reasons Firstly, the TBA values in the 
absence of sacnficial specIes when usmg thrs anode were lower than for 
anode C2 (FIgure 42) and secondly thIs anode had one of the highest 
rates for L-ascorbic acid oxidation (FIgure 43). Other insoluble anode 
matenals were tested usmg a fixed L-asCOrbIC acid concentration of 
10 g/l (Figure 42) and It can be seen that the improvement in TBA at this 
L-ascorbic acid concentration was not universal. If the composItions of 
the anode materials gIven m Table 15 are recalled, then It can be 
generally SaId that those contaming IridIUm dIoxide gave a better 
response whrlst those based on ruthemum dIOxide tended to show less of 
an effect. If one considers the comments on deposit appearance above, 
then this might simply be due to ruthenium dIOXIde anodes havmg a high 
BSOS consumption rate and therefore requiring more L-ascorbIc acid to 
reduce it. 
Figure 44 illustrates the effect of agitation on brightener oxidation. 
Agitation only has a significant effect on TBA when the solution IS static 
and under these CIrcumstances a much higher TBA value is found. The 
addition of L-asCOrbIC acid increases the TBA value on the well-agitated 
solutions but, apparently, reduces it on the statIc one. Tills may not be a 
'true' result, however, since it will be noted that on most solutions that 
did not contaIn L-ascorbic acid, a concentratIon of 30 mg/! BSOS was 
used to enable a bnght depOSIt and a meamngful TBA value to be 
obtained (see above). Stopping the stIrring on the electrolyte is clearly a 
very effective way of preventing bnghtener consumption and as the 
concentration of BSOS was some 40x higher in the electrolyte WIthout 
L-ascorbic aCId It is hardly surpnsmg that an mcreased TBA value was 
obtained m thIS statIc solutIon compared to the static electrolyte 
controning only 0.8 mg/! B SOS and L-asCOrbIC acid. 
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Increasmg the temperature of the electrolyte (Figure 45) had little effect 
on TBA or deposit appearance. The Figure also demonstrates that the 
reduction of brightener consumption by L-ascorbic aCId is also 
independent of temperature. 
FIgures 46-47 show the effect of dIfferent base electrolytes on TBA 
usmg anodes C2 and 01. It can be seen that in the absence of a 
sacrificial species some interesting effects are observed. In the 
electrolytes containing 50 ppm chloride low TBA values were found at 
the end of the plating time, suggestmg a high brightener oxidation rate. If 
chloride is removed from the carner con taming solutIon a huge nse in 
TBA occurs indicatmg a much lower brightener consumphon rate. The 
results for anode C2, however, indicate that if both carrier and chloride 
are removed from the system a low TBA is again found and It would 
appear that there is an mteraction between these components that has a 
significant effect on BSOS oxidahon. 
NB although TBA apparently rose slightly when 150 ppm chloride was 
added It is difficult to assess whether this is a 'real' result or not. As has 
already been stated all TBA measurements were carried out in an 
80/225150 electrolyte WIth chloride and/or carrier being added back to 
the sample if required. In the case of thIS soluhon a dIlution could not be 
performed and so measurement was made with 150 ppm chloride. ThIs 
may have caused the TBA reading to be erroneous. 
ii) L-ascorbic ACId OXIdatIon 
The anodic oxidation of L-ascorbic acid has been studied on a range of 
dIfferent anodes and mechanIsms involving several intermediate steps 
have been proposedn-81 m acid media. However, what is not disputed is 
that the final product of the electrochemical oxidation is dehydroascorbic 
acid which, under aqueous conditions, is then rapidly hydrolysed in a 
chemical reaction to diketogulonic acid. 
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Oxalic aCid + other acids 
Reaction 14 
Reaction 15 
Table 28 shows that if 2,5 g/l of L-ascorblc aCid is added to the cell only 
about 73% of thiS is destroyed by the end of the platmg cycle, Indeed, 
the percentage L,ascorbic acid oxidized tends to fall, as the initial L-
ascorbic acid concentration is increased (Figure 48) and the addition of 
BSDS to the system causes a very slight increase in the L-ascorbic acid 
oxidation rate, Figure 49 illustrates the effect of reducing anode area on 
L-ascorbic acid oxidation (see also Table 30). It is seen that as the anode 
area is reduced so the amount of Lrascorbic acid oxidized is reduced 
(linearly In the case of anode C2). This appears to be a simtlar effect to 
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that noted with bnghtener and indicates that again, both the applied 
current and anode a1ea ale important In detenrumng the bnghtener 
oxidation rate. 
When other anode materials were used, quite a significant variation in L-
ascorbic aCid oxidation was seen (Figure 43). For example anode SI 
oxidised 63% whereas anode Dl OXidized 87%. Generally, addIng BSDS 
to the electrolyte had little effect on thiS OXidation rate. The soluble 
copper anode apparently caused no oXldatJon of L-ascorbic acid. 
The oxidatJon of L-ascorblc aCid increases as the agitation rate IS 
Increased (Figure 50) until the highest stirrer setting is reached and air 
agitation is introduced. Under these circumstances a slight drop in L-
ascorbic acid oxidation rate is seen. Again, the additIOn of BSDS has 
only a malginal impact, except at low agitation rate where It causes the 
oxidatJon of L-ascorbic acid to fall further. 
Figure 51 shows that one of the biggest effects on L-ascorbic aCid 
oxidation IS the temperature of the electrolyte. When this is raised the 
amount of L-ascorbic acid destroyed rises from a10und 70% to 90%. 
This would be expected from the Nernst-Fick equation since raising the 
temperature will increase the diffusion coefficient and thus the limiting 
current for this reaction. 
In contrast to the bnghtener results, the nature of the electrolyte had very 
little effect on L-ascorbic acid oxidation (Figures 52). Raising the 
chloride concentratJon from 0 to 150 ppm haldly Influenced this 
reaction. 
111) Loss Of Chloride 
The affect of agltatJon on thiS factor (Figure 53) seems quite clear cut 
when the control electrolyte is used (see Table 29). In this case, as the 
stJrring speed is reduced, so the aInount of chloride lost increases. When 
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L-ascorbic acid IS added, however, the amount of chloride lost under 
conditions of poor solution movement IS greatly reduced and IS roughly 
equivalent when the stimng rate is high. On the whole, chloride loss 
Increases in the presence of brightener alone (see Figures 53-56) 
although the addition of L-ascorbic acid (Figure 54) then reduces it 
again. Raising the temperature of the electrolyte (FIgure 56) further 
underlines these findings. 
The effect of camer can be seen In Figure 55 and it is quite clear that 
removing carrier from the system caused an Increase In the amount of 
chloride lost. Again, this outcome IS most pronounced in the presence of 
brightener. It is generally accepted that carrier only Influences copper 
depositIOn In the presence of chlonde and It is often postulated that a 
carner-<:hlonde complex is fonned (see 2.2). One would expect that 
chlonde bound In such a complex would indeed be more difficult to 
oxidize. 
Figure 54 also shows how the chOice of anode matenal Influences 
chloride loss. No particular pattern emerges in relation to the type of 
anode used except that the soluble copper anode has by far the lughest 
rate of chloride loss than the other anodes. Tlus may be a slightly 
misleading finding however, since it is known that most of the chlonde 
loss when soluble anodes are employed is due to the fonnation of the 
black anode film In this experiment the soluttons were not 'durrumed' in 
(i e. operated for a number of amp hours at low current density to fonn 
the black anode film). It was noted though that when the soluble anodes 
were used the electrolyte became cloudy with dark particles dispersed in 
It. It seems likely that the chloride contaimng black anode film had 
conttnuously tried to fonn on the anode but the anode current density 
and the Stirring rate in the proxilDlty of the anode was too high for a 
stable film to fonn and so It had been swept into solution. 
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Reducing the anode area (Figure 57) generally caused the amount of 
chloride lost to decrease with anode C2. The results for anode D I can be 
seen to be extremely erratic and are difficult to interpret. 
i v) The Cathode Efficiency For Copper Deposition 
Reference to Tables 26-29 indicate that very few factors had any effect 
on cathode efficiency and that under conditions of good solution 
movement it was generally close to 100%. This IS Important ID terms of 
the use of L-ascorbic acid as an additive as it is desirable that it should 
have no effect on copper deposition. These results suggest that this IS the 
case and that even With a concentration of 50 g/l L-ascorbic acid (Table 
28), no change ID cathode efficiency IS recorded. 
The one factor that did have a sigOlficant affect on cathode effiCiency 
was stirring (Figure 58) as would be predicted from the Nemst-Fick 
equation (Equation 5). 
Under conditions of poor agitation the copper ion concentration near the 
cathode surface will quickly deplete leading to a reduction in limiting 
current and the evolution of hydrogen. It can also be seen that none of 
the additives had any significant effect on this outcome. 
66.1.1 Solution Colour Change Experiment 
In many of the experiments detailed above it had been noted that 
under certain condItions, when L-ascorbic acid was added to an 
electrolyte, the solution changed colour. This depended on the 
concentration of L-ascorbic acid and the length of time which the 
solution was kept standIDg. Tables 10 and 31 show that when 10 
g/l L-ascorbic acid IS added to an acid copper plating solutIOn it 
does not immediately change colour. However, the addition of 
dehydroascorbic acid (DHA) i.e. a hkely oxidation product of 
L-ascorblc acid (see Reaction 14) does cause the electrolyte to 
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instantaneously become green. In contrast when oxalic acid had 
no affect when put into the electrolyte. 
The two L-ascorbic acid containing solutions that were 
electrolysed (solutions 4 and 8) became a very slight greenlblue 
colour at the end of the plating cycle and by day 4 of the test 
these two solutions had become a very definite green colour. 
After 7 days solutions 3 and 7, i.e. the two L-ascorbic acid 
solullons that had not been electrolysed, also began to turn green. 
All these colour changes became more mtense as lime progressed 
and the gradual emergence of black particles and a film on the 
surface of these electrolytes was noted. 
Measurements of the 11Initing current of these solutIOns are also 
given m Table 31 and are plotted in FIgure 59. In the two L-
ascorbic acid containing solutions that were not electrolysed it 
can be seen that the limiting current gradually falls to about half 
its initial value after 15 days. Thereafter it appears to stabilize 
somewhat although the trend is still downward In contrast the 
equivalent solutions that were electrolysed show a fairly stable 
limiting current over the period of tIns test This suggests that 
L-ascorbic acid not only oxidizes electrochemically but also 
chemically, although the latter process IS much slower. 
The electrolyte that was made up with DHA did not appear to 
show any oxidation waves (before oxygen evolullon) on mitial 
make-up. However, on standmg an OXidation wave at around the 
potenllal for L-ascorblc acid oxidation appears, the liIruting 
current of which slowly mcreases with time. This suggests that 
one of the reactIOn products of DHA hydrolYSIS (Reaction 15) is 
electrochenncally active. 
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Oxygen Evolutton Efficiency 
The majority of the values obtained for oxygen evolution 
efficiency were above 90% as can be seen in Table 32 and Figure 
60. It is difficult to pick out any parttcular trend and there seems 
to be quite a lot of vanatlon m the results. Despite thiS It mIght be 
Important to note that, for 5 out of the 9 anodes tested, the lowest 
value for oxygen evolution efficiency occurred in the 801225/0 + 
5% carrier electrolyte. This again suggests that when chlonde is 
not present in the electrolyte, carrier is more readily oxidized at 
the anode, and in thiS case, causes a reduction m the oxygen 
evolution efficiency. 
The values for chloride loss m this experiment are plotted in the 
histogram Figure 61. With a few excepttons adding carrier to 
electrolyte significantly reduced the amount of chloride lost and 
this is in agreement with the results detailed above. Anodes C3, 
S2 and 04 are all ruthemum dioxide contaimng anodes and these 
showed little or no effect of carner on chloride loss. 
Summary 
The brightener consumption on insoluble anodes was found to be 
around 40x higher than when soluble copper anodes were used 
but the addition of 10 g!1 L-ascorbic acid to the electrolyte caused 
thiS consumption rate to fall to soluble anode levels when usmg 
anode C2. This concentration of L-ascorbic aCid did not reduce 
the brightener consumption rate on all anodes however. L-
ascorbic acid appeared to have no Impact on the copper 
deposition process. 
Decreasmg the anode area reduced the amount of brightener 
destroyed and a similar effect was seen on L-ascorbic aCid 
OXidation. 
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As the L-ascorbic acid concentration was Increased so the 
percentage L-ascorbIC acid oxidized fell. It was also found that 
the consumption rate of tIns species only Increased with 
increasing agItation up to a point. 
Electrolyte agitation had qUite a sIgmficant Impact on some of 
the other responses measured. If the stlmng was stopped 
brightener consumption was somewhat curtailed, as was 
L-ascorbIc acId oxidation. However, chlonde consumption 
increased. The first two inCIdents would be expected from the 
Nemst-Fick equation since in an unstirred solution the Nemst 
dIffusion layer will be increased, thus causing the IUTI1ting current 
for these respective OXIdatIOns to fall. For the same reason one 
might also expect the rate of chlonde OXIdation to be reduced. 
The explanation of tIns finding IS more complex and will be 
discussed In 6 8. 
The absence of chlonde from the electrolyte had a considerable 
effect on decreasing bnghtener consumption for both anodes C2 
and Dl. Nevertheless, for anode C2 this effect was only seen if 
the solution also contained carrier and the presence of this 
species also reduced the amount of chloride consumed. The 
oxygen efficiency data confirmed these fmdings and there was 
some evidence to suggest that the 80/22510 + 5% carrier 
electrolyte also exhIbIted the lowest anodIc effiCIency for oxygen 
evolution. Both these findings suggest that carner is inhIbIting 
both water and BSDS oxidation at the anode but only when 
chloride IS absent from the electrolyte. 
In BSDS contaimng solutions an increase in chloride loss was 
seen. Chloride had no effect on L-asCOrbIC aCId OXIdation. 
105 
DISCUSSION 
The solution colour change experiment indicated that it is the 
oxidation product(s) of L-ascorbic acid that is/are the cause of the 
green solutton colour. This expenment also IndICated that 
L-ascorbic acid would gradually oxidize chemically. 
6.6.2 Further Hull Cell Testtng 
6.6.2.1 Deterrmnation Of The Effect Of Carrier And Chloride USIng The 
10113 MInute Hull Cell Test 
The results of thiS test are detaIled In Table 33 and Figures 62-63. 
The TBA values taken after 10 minutes clearly show that once 
again the soluble anode exhibited the least brightener depletion 
whatever the electrolyte. If the TBA values for the insoluble 
anodes are considered it can now be seen that chloride has a 
dramattc impact on this measure of brightener activity i.e. 
whenever it is present low TBA values result. This is true for all 
anodes except anode Pb02 where the TBA was low regardless of 
the electrolyte. It can also be seen that removing chloride caused a 
slight increase in TBA for the Cu anode. 
A similar pattern emerges when the Hull cell data is considered. In 
this case 100% bum/matt was observed whenever chloride was 
added to the electrolyte and Insoluble anodes were used. However, 
for anode Pb02 this situation also occurred when no chloride was 
present. Values for burn/matt of 23-27% for the copper anode in 
any electrolyte indicate that chlonde has little Impact on brightener 
consumptton for thiS anode. 
Table 34 shows the effect of adding incremental amounts of 
chloride on bnghtener consumption using anode C2. Placing only 
5 ppm chloride in the electrolyte caused the TBA value to plummet 
and produced a Hull cell panel with 50-100% of bum/matt 
indicating almost complete brightener depletion. 
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6 6.2.2 The Effect Of Sacrificial Species And Anode Type As Determined 
By The 2/10 Minute Hull Cell Test 
The four sacnficlal species, L-ascorbic acid, 2,7 -dihydroxy 
naphthalene (DHN), fructose and HAS were used to generate the 
data given in Tables 35-38 and summarized III Figure 64. Overall 
DHN is able to reduce brightener consumption at the lowest 
concentratJ.on on all anodes. In fact, the addition of only 5 mgll 
DHN makes the brightener consumptJ.on rates almost equivalent on 
all the anodes. L-ascorbic acid has a similar effect on anodes C2, 
C4 and S2 although at the 20 mglllevel, but a higher concentration 
IS reqUired for anode Pb02. HAS shows functIOnality on all the 
anodes but at least 500 mgll must be added to electrolytes to show 
a sigmficant effect except in the case of anode PbOz where 4 gI1 is 
reqUired. Fructose was tested at 20 gIl and had no effect on any of 
the anodes apart from C4. 
6 6 2.3 Summary 
The 10113 mlllute Hull cell test confirmed that chloride has a 
Significant effect on brightener consumption on all anodes except 
Pb02. 
Of the sacrificial species tested III the 2/10 minute Hull cell test, 
DHN reduced brightener consumption at the lowest concentration 
followed by L-ascorbic acid. HAS only worked at much higher 
concentratJ.ons, whilst fructose only functioned in conjunction with 
anodeC4. 
6.6.3 The DetectIOn Of MPS And BSDS By HPLC 
The chromatograms obtained for BSDS and MPS III 10% sulphuric acid and 
80/225150 + 5% carner indicated that the retentJ.on tJ.me and peak areas for 
50 ppm BSDS were practically identical whichever electrolyte was used 
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(Table 39). For MPS a peak was detected at 4.4 minutes in 10% sulphuric, 
acid but in the copper sulphate containing solutions no such peak was 
apparent. Instead, a peak corresponding to BSDS was detected. If the peak 
areas are considered then it seems that m both cases nearly all the MPS has 
been converted to BSDS. 
6 6.4 The Thirty Mmute Plating Test 
I) The Effect Of Anode Type On BSDS Consumption And Cell PotentIal 
The BSDS consumptIon rates for the various anodes are given in Table 
40 along With the values of cell potential. The consumption rates of the 
insoluble anodes versus the copper anode do not seem to be anywhere 
near as high as was found m prevIOus expenments (see Table 26). This 
was probably due to the consumption rate for the copper anode being 
higher than the true value. The discrepancy between the two values for 
the copper anode could be due to several factors. Firstly, the copper 
anode was not filmed prior to use and it is well known that the brightener 
consumption on bare copper anode is much higher than on one that has a 
black anodic film on it. In addition, due to the nature of this experiment, 
all the BSDS had to be added at the start of the plating time when the 
anode was in a non-filmed state. It must also be borne in mmd that, when 
HPLC IS used to determme brightener consumption, it is the BSDS 
concentration that is being measured and not the brightness of the 
deposited copper. Therefore any BSDS breakdown products, for 
example MPS, will not be detected although they may be acting as 
bnghteners. 
If Figure 65 is considered then it IS immediately noticeable that when a 
higher concentration of BSDS is added to the electrolyte the 
consumptIOn rate becomes higher. This agam fits the NemstIan model 
(see Equation 5) since by rrusmg the BSDS concentration both Cb and, 
consequently, the limitIng current are increased for BSDS oxidation. 
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Figure 66 suggests that there are some relationships between the BSDS 
consumption rate and the anode composition. The consumption rate on 
anode Pb02 was found to be very high. It can be seen that even when 
100 mgll BSDS was added at the start of the plating time, no BSDS was 
detected by HPLC at the end. Indeed, In later work it was found 
necessary to add 150 mgll BSDS before a consumption rate could be 
establIshed (56.1 mg! Ahrl). Apart from lead dioxide, the two platinum 
anodes are prominent as having high consumption rates along with 
anodes S2 and D2, which are also the two anodes tested with the highest 
ruthenium content. The lowest consumption rates were found on anodes 
C2, SI, M I and M2 all of which are tantalum contaIning indium dIOXide 
anodes. It IS interestIng to note that the two iridium dioxide anodes that 
did not contaIn tantalum, anodes C3 and D3, produced a slIghtly higher 
consumption rate. 
If we consider Figure 67, It IS quite obvious that the copper anode 
operates at a much lower cell potential than the insoluble anodes. 
Anodes C4 and D I have somewhat higher cell potentials than the other 
anodes, most of which operate in a window of 1.5-2.0 V. Anode C3 
stands out as haVIng a relatively low cell potential. 
ii) The Effect Of Current Density On BSDS Consumption 
When the applIed plating current was increased on anode C2, Table 41 
and Figure 68 demonstrate that the BSDS consumption rate gradually 
increased. It IS perhaps surpnsIng though to note that when the current 
density was raised by a factor of 10 (from 2.3 to 22.8 Adm·2) the 
consumptIon rate only doubled. This ImplIes that the mechanism of 
BSDS consumptIon is becoming less efficient at these higher current 
denSItIes. It was also noticeable that although the cell potential almost 
doubles when moving from 2.3 to 11.4 Adm·2, above this value It 
remains a fairly constant 2.0 V. By contrast (Table 42), when the current 
denSity was altered by redUCIng the anode area, it was found that the 
BSDS consumptIon rate nearly halved as the current denSity was 
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changed from 11.4 to 22.8 Adm·2• After this the fall in consumption rate 
levelled out as is shown in FIgures 69 and 70. Once again the cell 
potential was un- affected by the current density until the highest value 
of 91.2 Adm·2 was reached and then a quite significant rise in potential 
was recorded. 
These findIngs clearly IndIcate that the true area of the anode IS 
particularly important In the mechanIsm of BSDS consumptIOn on an 
iridium diOXIde anode. 
Table 43 and Figure 71. however. demonstrate that thIS affect is not 
unIversal for all insoluble anodes. The platinum anode. C4. showed little 
change in consumption rate when the area was halved. although there 
was an apprecIable nse In cell potential. whIlst anode S2 (ruthenIum 
dioxide) behaved In a sllnIlar way to the iridIUm dioxide matenal. It was 
ImpossIble to establIsh the effect on the lead dioxide anode because no 
BSDS was detected at the end of the electrolysis time although there was 
a noticeable change in cell potential. 
ill) The Effect Of Carrier And Chloride On BSDS Consumption Rate For 
AnodeC2 
Reference to Table 41 and Figure 68 show a silTI1lar trend as was found 
In the ninety ITI1nute plating test. Once again. although removIng chloride 
from the electrolyte clearly reduces BSDS consumption. a significant 
drop in this rate is only seen in the 80122510 + 5% carner bath. For all 
electrolytes. increasing the current denSIty led to higher rates of BSDS 
consumption. although the rate of thIS nse was less marked on the 
801225/0 + 5% carrier electrolyte. These findIngs once again suggest that 
it is an interactIon between carrier and chloride that IS important in the 
mechanism of BSDS consumptIon on indlUm dioxide. It IS dIfficult to 
see any particular pattern In the cell potential values (Figure 72) but at 
the higher current denSIty the 80/22510 + 5% carner electrolyte tended to 
produce slIghtly hIgher potentials. 
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Table 44 emphasizes this pomt sull further. In these experiments carrier 
was incrementally added to a chloride containing and a chloride free 
electrolyte. Figure 73 Illustrates that additions of carrier to the chlonde 
electrolyte did cause the consumption rate to drop somewhat but only 
from 15.8 to 11.5 mg!Ahrl. However, on the chlonde free bath, the imtial 
add of only 2.5% carrier caused a significant drop m the consumption 
rate after which the reduction was more gradual. Unlike the results 
above, the cell potential tended to be lower on the chlonde free solutIOn 
(Figure 74). 
Figure 75 shows the effect of addmg chloride to an 80/225/0 +5% 
electrolyte and it can be seen that as the chlonde concentration mcreases 
so does the BSDS consumption rate. However, the nse is quite slow, 
especially if one conSiders the consumption rates at 5 and 100 ppm I.e. 
10.9 and 22.0 mg! Ahrl respectively. Here, a 20x increase m chloride 
concentration only doubled the consumption rate. 
iv) The Effect Of Sacrificial Species On BSDS Consumption Rate Usmg 
AnodeC2 
Consideration of Table 45 and Figures 76-77 indicates that all four of the 
sacrificial species examined in this part of the study reduced the BSDS 
consumption rate somewhat. Of the four species tested only DHN 
showed any ability at reducing BSDS consumption at the 20 mg/llevel. 
This might at first appear somewhat surpnsing as the data m Table 24 
suggested that L-ascorbic acid functioned at 25 mg/l. However, this 
earlier test was performed in the Hull cell, for only 12 minutes (as 
opposed to 30) and at 3.0 A applied current (as opposed to 5.0 A). In 
addition, the cell design was very different. When the concentratIOn of 
DHN was increased to 100 mg/l the consumptIOn rate fell to values 
below that for a soluble copper anode. 
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L-ascorblC aCid out-performed both fructose and HAS. The addluon of 
2.0 gIl L-ascorblc aCid caused the consumpUon rate to decrease by over 
50% whilst for fructose and HAS only a slight drop was recorded. 
However, if the L-ascorbic acid concentration was raised still further to 
8.8 gIl, little additional improvement m consumption rate was observed. 
There appeared to be little difference in the functionality of HAS and 
fructose, though HAS did cause the BSDS consumption rate to fall 
slightly at a concentration of 20 mgll whilst fructose appeared not to 
operate at this concentration. 
Table 45 also shows the result of addmg the iron 'Redox couple' to the 
electrolyte at a concentration of 2.0 gIl and it can be seen that the BSDS 
consumption rate has been lowered by some 41 %. However, at the same 
concentration L-ascorblc acid caused a 58% drop in consumption rate. It 
was not possible to test DHN at this level because of solubility problems. 
However the fact that this species showed such a huge reduction in 
BSDS consumption rate at 100 mgll clearly indicates that its 
performance is far superior to the 'Redox couple' method. 
None of the sacrificial species had much of an effect on cell potential 
(Table 45 and Figures 78-79) although the values for HAS tended to be 
higher than for the other species. 
v) The Effect Of Sacrificial Species On The BSDS Consumption Rate 
Using Anodes C2, C4, S2 And PbOz. 
Each of the sacnficial species L-ascorbic acid, fructose, HAS and the 
iron 'Redox couple' were tested at a concentration of 2 gIl along With 
DHN at 20 mgll. The resultant BSDS consumptIOn rates are given m 
Table 46 and are Illustrated graphically m Figure 80. L-ascorblc acid 
causes a slgmficant reduction in consumption rate for all four anodes, 
but the effect is most pronounced on anodes C2 and C4. The results for 
DHN on anodes C2 and C4 are quite similar although it must be 
remembered that this species IS at a concentration of only 20 mgll. 
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However, for anode S2 and PbOz, DHN has a much more dramatic effect 
on consumption rate than L-ascorbic acid. Fructose only appeared to 
have a sigmficant effect on BSDS consumption when used with anode 
C4 whilst HAS had little if any effect on anodes C4 and Pb02, and only 
a slight one on anodes C2 and S2. Although less effiCient than 
L-ascorblc aCid, the 'Redox couple' behaved in a sirmlar fashion to thiS 
speCies, funcl10ning best with anodes C2 and C4 but less so With anode 
S2. 
These results indicate that although sacnficlal species such as L-ascorbic 
acid and DHN Will reduce BSDS consumption on a range of anodes, 
thelf functionality IS affected by the nature of the anode. 
Except for HAS, which tends to cause the cell potential to increase 
shghtly (FIgure 81) for anodes C2 and C4, the general trend for all the 
other species is that they cause a very slight drop in cell potential. 
VI) The Effect Of L-ascorbic Acid, Carrier And Chloride On BSDS 
Consumption Rate Using Anodes C2, C4, S2 And Pb02 
If the BSDS consumption rates for the various anodes are first 
considered in the absence of L-ascorbic aCid then Tables 47-50 and 
Figures 82-85 indicate that for anodes C2, C4 and S2 the 80/225150 + 
5% carrier electrolyte always seemed to give the highest values for 
BSDS consumption. In addition, for every anode apart from C2, the 
lowest consumption rate was seen in the 80122510 + 5% carrier 
electrolyte, a finding that seems to confirm the results from earher III thiS 
test and the mnety rmnute experiment. This makes It even more 
unexpected that anode C2 should be the one anode that does not exhibit 
thiS behavIOur (Figure 82). In this experiment the BSDS concentration at 
the start of the plal1ng cycle was 100 mgll (for all anodes except Pb02) 
as opposed to 50 mgll III the earlier tests. As was seen in Figure 65 the 
consumption rates were always higher when a BSDS concentration of 
100 mgll is utilized. It may simply be that by using this higher 
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concentration, the BSDS consumption rate for anode C2 has become less 
sensitive to other effects and, indeed, Figure 86 indicates that at the 
lower BSDS concentration of 50 mgll the chloride 1 carrier interactIOn IS 
apparent. 
For all anodes except S2 it can be said that chloride only really has a 
major effect on BSDS consumption in the presence of carner. With 
anode S2, however, significant drops m BSDS consumption rate are seen 
if the chlonde is removed whether carner IS present or not. 
When used in conjunctIOn With anodes C4 and Pb02, L-ascorbic acid 
caused some spectacular drops m BSDS consumption rate. For anode 
C4, L-ascorblc acid influenced the consumption rate m chlonde 
contaming solutions, whilst for Pb~ It was the chloride free electrolytes 
that were most affected. 
L-ascorbic acid had the least effect when used with anode S2 since it was 
only in the 80/225150 + 5% carrier electrolyte that a significant drop in 
BSDS consumption was seen and thIs is in agreement With the results 
from the ninety minute plating test (see FIgure 42) 
The consumption rate showed a reasonable fall in all the electrolytes 
tested with anode C2 although only in the 801225150 + 5% carrier 
electrolyte was the rate more than halved. 
The cell potentials recorded without L-ascorbic acid show a similar trend 
regardless of anode (Figures 87-90), such that when carner IS removed 
from the electrolyte, the potential tended to drop somewhat. Addmg 
L-ascorbic acid does not appear to have a significant affect on thiS factor 
although the carrier effect IS no longer evident. 
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6.6.4.1 Carrier Determination 
The results of this experiment are given in Table 51 and Figure 91 
and seem quite clear. In an 80/225150 + 5% earner electrolyte, the 
amount of carrier destroyed is relatively low on all anodes, except 
perhaps anode Pb02. When the chlonde is removed, however, the 
amount of carrier consumed increases consIderably on all four 
anodes. These results mdicate that not only does the presence of 
earner prevent the loss of chloride (FIgures 55 and 61) but also the 
presence of chlonde wIll prevent the destruction of carrier. 
6.6.4.2 BSDS Oxidation In A Sulphuric ACId Electrolyte 
The BSDS consumption rates in a 225 gIl sulphunc acid electrolyte 
(Table 52 and Figure 92) were found to be 4.7 and 10 9 mg/ Ahrl 
for the chloride free and chlonde containing electrolytes 
respectively. These are lower than those found in the equivalent 
copper sulphate electrolytes i e. 13.4 and 15.8 mg/Ahrl although 
the dIfference is far greater for the chlonde free electrolyte. This 
demonstrates that the presence of copper, either as the metal (Le. 
the cathode) or in ionic form, IS also an important factor in the 
mechanism of BSDS OXIdation. 
6.6.4.3 Summary 
Using HPLC as a method to determme BSDS consumption rates 
allowed differentiation to be made between the various anodes that 
was not really possible usmg techniques such as the Hull cell and 
TBA. Although MPS could be determined m 10% sulphuric acid, 
in copper sulphate electrolytes most of it appeared to convert to 
BSDS. 
Anodes composed of platInum and/or ruthenium dioxide tended to 
give quite high consumption rates although the lead dIOXIde anode 
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gave the highest values of all. The iridium dioxide anodes 
exhibited the lowest rates and there was some evidence to suggest 
that if tantalum was present these values could be reduced still 
further. 
The affect of current density on BSDS consumptton depended on 
how this factor was changed. When the current density was raised 
by increasing the applied current, the consumption rate also rose. 
However, if the current density was rmsed by reducing the anode 
area then the consumption rate fell. This affect was only seen on 
anodes C2 and S2. When the area of anode C4 was halved almost 
no change in consumption rate was seen. 
This difference in behaviour of the two types of anode is due to 
separate area and catalytic effects. 
It was generally found that the lowest consumption rates occurred 
in the 801225/0 + 5 % carrier electrolyte. This agrees with the 
findings for brightener consumption noted in the ninety minute 
plating test and confirms that, despite the fact that removing 
chloride does reduce the BSDS consumption rate, it is in the 
presence of carrier that the effect is most pronounced. In addition, 
the highest consumption rates were found when the standard 
80/225/50 + 5% carner solution was used. 
Carrier consumptton was strongly affected by the presence of 
chlonde on all anodes tested. In the 80/225/50 + 5% carrier 
electrolyte relattvely low values for carrier loss were determined 
but when the chloride was removed these values rose dramatically. 
If these two findings are taken together, then it seems probable that 
when chlonde is not present m the electrolyte there is a greater 
propensity for earner to be oxidized at the anode. The PEO carrier 
used in this work is a very large molecule and this oxidation may 
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prevent BSDS consumption sacrificially or by blocking active sites 
at the anode surface. 
Work on the sacnficial species broadly agreed With previous 
results. The addltlon of only 100 ppm DHN was shown to reduce 
BSDS consumption to soluble copper anode levels on anode C2 
whllst L-ascorbic aCid performed well at 2.0 gII. Both fructose and 
HAS had much less of an influence on consumptlon rate, though 
there was some eVIdence to suggest that, compared to fructose, 
HAS showed some functionahty at lower concentrations. These 
findings were generally true of the other anodes although fructose 
did show more prormse when used With anode C4 than any other 
anode. Both DHN and L-ascorblc aCid showed much better ability 
at reducing BSDS consumptlon than the 'Redox couple' method. 
6.7 Further Electrochermcal Studies 
6.7.1 The Anodlc Oxidation Of Various Acid Copper Electroplating Additives 
i) Cyclic Voltammetry 
Scan 23 shows the effect of adding chloride to an 801225/0 base 
electrolyte usmg a platlnum RDE. As chloride was added the wave at 
1.27 V increases in size and is clearly the chlonde OXidation wave. What 
is also interesting to note from these curves is the oxidation wave that 
begms at approximately 190 mV and is only found on the chloride 
contmmng solutions. It was thought that this wave was due to the 
oxidatlon of cupric to cuprous ions, and thiS was confirmed by adding 
600 ppm chloride to a 10% sulphunc acid solution, and carrymg out the 
same CV scan. In thiS CV scan no such wave was observed. This 
occurrence indicates that the addition of chloride to an 80/225/0 
electrolyte reduces Cu2+ to Cu 1+ but tins Cu 1+ is subsequently oxidized at 
the insoluble anode back to Cu2+. When a second CV scan was carried 
out on the same solution the wave at 190 m V either became extremely 
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small or dIsappeared altogether. This finding suggests that any Cu l + in 
an electrolyte used with insoluble anodes will be very short lived as It 
will be rapidly oxidized to Cu2+ by these anodes. As was detailed in 2 2 
Cu l + plays an important role m the oXIdation 1 reduction cycle of BSDS 
so this phenomenon must be carefully considered when determining the 
mechanism of bnghtener OXIdation at an insoluble anode. 
Scan 24 shows the effect of adding carner to an 80/22510 base 
electrolyte. Although there is no addluonal peak when carner IS present, 
It IS noticeable that the begmmng of the oxygen evolution peak now has 
a frurly broad shoulder on It. When carrier is added to an electrolyte 
containing 600 ppm chlonde it can be seen that not only has the lilllltlng 
current for this oxidation been reduced, but also the start potential has 
shifted to approximately 1.36 V, a polarization of some 900 mY. These 
results corroborate that the addition of carner makes chloride oxidation 
at msoluble anodes more difficult. Presumably this is due to the 
formation of the carrier-chloride complex discussed in 2 2. 
The CV scan of 10 gIl BSDS (Scan 25) indicates a wave correspondmg 
to the OXIdation of this bnghtener at 1.1 V. The addition of 600 ppm 
chloride to the BSDS containing solution caused a new peak to appear 
With a start potential of 1.0 V and a higher limiting current than the 
BSDS peak. When carner was subsequently introduced, the limiting 
current of thiS new peak was reduced somewhat The simplest 
explanation of this finding is that when chloride IS present BSDS 
OXIdation has become easier and this fits with the data obtained from the 
plating expenments detruled previously. The presence of carrier makes 
this oxidation more difficult and suggests that it is a species fonned 
during the chloride oxidation reaction that is facIhtatmg BSDS 
OXidation. 
Scan 26 shows the effect of addmg MPS to the base electrolyte. The 
OXIdation wave IS much broader and the hlllltlng current lower than for 
BSDS, although the oxidation appeared to begin at a much reduced 
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potentIal (approximately 630 mY). After 600 ppm chlonde has been 
added to the solution, the wave becomes more peaked, with a peak 
potential of 1.23 V which is identical to that for BSOS, although again 
the timing current is lower. These results suggest that although MPS 
oxidation starts at quite a Iow potential, the broadness of the peak and 
the Iow IInutmg current suggest that the oxidation is not that easy. The 
additIon of chlonde seems to cause the formatIon of some BSOS. 
ill Anodic Polarization 
Scans 27-29 show the anodlc oxidation of chloride usmg ROEs of 
anodes C2, S2 and C4. The additIon of the standard 50 ppm chloride to 
the electrolyte had lIttle effect on the polanzation curves and it was not 
until a concentration of I gII was reached that a defimte effect could be 
detected. With chlonde at this concentratIOn anode C4 shows a clear 
oxidation wave at 1.16 V (see Table 53) With a well defined limiting 
current. The chloride OludatIon wave obtained With anode S2 occurs at 
the same potential, has a very Iow Tafel slope and a less well defined 
linutIng current than anode C4. With anode C2 no obVIOUS oXidation 
wave IS seen, although what still appears to be the oxygen evolution 
potential has been depolanzed to 1.24 V. In truth this is probably a 
mixed oxidation of both water and chlonde. 
The data from these expenments suggest that chloride OXidation is an 
electrochemicaIly favourable reaction on both anodes C4 and S2, 
although the very Iow Tafel slope for the reaction on anode S2 indicates 
that the reactIOn is kmetlcalIy more lIkely on this anode. The reaction 
seems quite difficult on anode C2 and at a chloride concentration of 1 gII 
the wave is not well defined enough to get any definitive electrochemical 
mformatIon. 
The electrochemical data for oxygen evolutIOn (Table 53), compares 
quite well with that obtamed when these three materials were used as 
spade electrodes (Table 18). The mam difference is the Tafel slope for 
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water oxidation for anode S2. The RDE gives a much lower slope than 
the spade electrode and may suggest that the reaction IS more sensitive to 
mass transport effects when this anode IS used. 
Data taken from Scans 30-32 showing the effect of BSDS on the anodic 
polanzatlon curves produced using RDEs of anodes C2, C4 and S2 is 
given in Table 54. When thiS brightener species is added to the 
electrolyte a clearly defined oXidation wave is seen on all three RDEs. 
Although anode C4 has the highest Tafel slope for BSDS oxidation, it 
has a very high hmitmg current of 17.6 mAlcm2, a value that is more 
than double that found when it was used as a spade electrode (With a 
higher concentratIOn of BSDS, Table 18). The hmiting current for thiS 
reaction on anode S2 is also sIgmficantly higher than found in the 
prevIous expenment, although the Tafel slope IS similar and was the 
lowest for the three electrodes tested Anode C2 gave a Tafel slope and a 
limiting current for BSDS oxidation that were somewhat higher than the 
values obtamed for anode S2. The data IS not dissimilar to the previous 
work, but again it should be remembered that the concentratlon of BSDS 
in the spade electrode study was 20 gIl. The reason for the higher 
limiting current values on anode C4 as compared to S2 and C2 are due to 
the respectlve oxygen evolutlon potentlals as discussed earlIer (6.3.3). 
For both anodes C4 and S2 the hmiting currents were much higher than 
in the spade electrode work even though the concentration of BSDS and 
the electrode areas were much less. This is not surpnsmg, however, smce 
mass transport wIll affect the rate of these reactions. RDEs produce 
much more effiCient solution movement compared to the stlrrer 
employed in the pnor work and the boundary layer IS always greater on a' 
spade electrode. 
If the data for consumption rates produced m the thirty minute platlng 
test (Table 40) is considered then it can be seen that anodes C4 and S2 
gave a rate Significantly higher than C2. Although the Tafel slope for 
BSDS oxidatlon for anode C4 IS qUite steep, the limiting current is high. 
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The Tafel slope for BSDS oxidation was much lower on anode C2 but 
the lmuting current IS quickly reached as oxygen evolutIon takes over as 
the mam anodic reaction. The reason why anode S2 should have a high 
consumption rate is more difficult to explain since, although the Tafel 
slope is lower for BSDS oxidation than for anode C2, there is not a vast 
difference between the two values and a sImilar observatIon can be made 
about the limitIng current values. Another factor must therefore be 
playmg an important role m the mechanism of BSDS oXIdatIon at anode 
S2. 
6.7.1.1 Summarv 
The CV work usmg a platInum RDE demonstrated that the addition 
of chlonde to an 80/225/0 base electrolyte not only led to the 
formation of an oxidatIon peak for this species, but also caused the 
formation of CUI. that was subsequently oxidized back to Cu2+. 
If carrier is added to a chloride contaming electrolyte this oxidation 
became polarized somewhat and the peak heIght reduced. This 
seems to confirm the carrier-chloride complex theory, as one would 
expect such a species to be more difficult to oxidize. The presence 
of chloride also appeared to make BSDS oxidation easier, but when 
carrier was introduced the peak height was reduced. Although the 
oxidation potential for MPS was lower than for BSDS, the peak 
height was much reduced, and the addition of chloride appeared to 
cause some of the MPS to convert to BSDS. 
The anodic polanzation curves obtained for anodes C2, C4 and S2 
indIcated that chlonde oXIdatIon was qUIte dIfficult on anode C2. 
The high oxygen evolution potentIal for anode C4 meant that 
although the Tafel slope for BSDS oXIdatIOn was quite steep, the 
hnutIng current was higher than for anodes C2 and S2. For anodes 
C2 and C4 these results seemed to confirm theIr relatIve BSDS 
consumptIon rates I.e. C4 >C2. However, the fact that anode S2 
also had an even greater value for this response than C4, although 
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Its electrochemical properties for both water and BSDS oxidation 
were very similar to C2 suggests that another factor is playing a 
key role in determining the BSDS consumption rate on this anode. 
It may therefore be important to note that the main electrochemical 
difference between anodes S2 and C2 were their ability to oxidize 
chi on de. This was found to be much easier on anode S2 than on 
anodeC2. 
6.7.2 Electrochemical Experiments Using Sacnficial Species 
1) Cyclic Voltammetry 
Scan 33 illustrates that the oXldallon of L-ascorbic acid begins at 0.6 V 
and no further wave is seen unlll oxygen evolullon. The reverse sweep 
suggests that this reacliOn is lITeverslble. 
It was found that if the anodic vertex potential was vaned then a new 
peak somellmes appeared on the reverse sweep. Scan 34 illustrates this 
affect and it can be seen that thIs peak is mostly clearly defined when the 
scan is reversed at 1.325 V. Above this value the peak gradually 
disappears. This wave IS probably due to the oXldallon of one of the 
hydrolysis products of DHA (see Reaction 15). However, it is mterestmg 
to note that with the onset of oxygen evolution the post peak completely 
disappears. 
Subsequent work focused on thIs phenomenon and Scans 35-36 show the 
effects of scan rate and rotallon speed on this reverse peak when the scan 
was reversed at 1.4 V and it can be seen that he height of the pre-peak is 
proportIOnal to the scan rate (Scan 35). This expenment also showed that 
the peak height for L-ascorbic aCid oXidation is relatively unaffected by 
scan rate. If the initial oXidation of L-ascorbic acid to its oXidation 
product were very fast then this would explain thiS finding. 
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Increasing the rotation speed increases the peak: height for L-ascorbic 
acid oxidation. The fact that L-ascorblc acid oxidation is significantly 
reduced in a static electrolyte (Figure 50) agrees with these findings and 
indicates that the anodic oxidauon of L-ascorbic aCid IS mass transport 
limited. 
n) Anodic Polanzauon 
Scan 37 shows the anodic polanzation curves for various sacnficial 
species using an RDE made from anode C2. It can be seen that fructose 
had very little effect on the polarization curve, but with HAS a new wave 
does seem to be occurring below the oxygen evoluuon potential. 
However, thiS does not have a clear lilTIlung current and merges with the 
water oxidation wave. Because of the problems With dissolving DHN in 
an 801225150 + 5% carrier electrolyte, It was only possible to carry out 
experiments using I gIl of this substance. Even at tlus concentration, 
there does appear to be a definite oxidation wave at approximately 0.7 V 
(see Table 55), although the limiting current is quite low due to the 
concentration used. L-ascorbic acid has a very low oXidation potential 
(0.37 V) and a high limiting current (Table 54). 
The data for anode C4 (Scan 38 and Tables 54-55) shows a similar 
pattern, but with some variations. Although no oxidauon wave is 
recorded for fructose, it is noticeable that the part of the curve Just before 
oxygen evolution has slufted to marginally higher current densities, 
suggesting that some oxidation is occurring. When HAS IS added to the 
electrolyte a more clearly defined wave IS observed than for anode C2, 
and With L-ascorbic acid the Tafel slope has mcreased significantly as 
has the hlTIlung current These results once again illustrate the fact that 
although oXidations tend to be kinetically more difficult on these 
platinum anodes, the high oxygen evolution potential means that higher 
lilTIlUng currents can be achieved. 
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When anode S2 is used a very steep and short oxidation wave IS now 
seen when fructose is added to the base solution (Scan 39). In a siITIllar 
fashIon to C2, the HAS oxidation tends to merge with oxygen evolution 
whIlst L-ascorbic acid oxidation begins at a sinuIar potential and ends at 
a similar current density as C2, although the Tafel slope for tIns reaction 
is somewhat lower (Table 54). 
For anode C2 thIS electrochemical data seems to tie in quite well WIth the 
observed functionahty of these sacnficial species m reducmg bnghtener 
consumption. If the Hull cell and HPLC data from Tables 35 and 46 are 
considered then It can be seen that the order of functionality for these 
four specIes when using anode C2 is; 
DHN>L-ascorbic acid»HAS>fructose. 
Fructose was difficult to oxidize at anode C2 and HAS was only slightly 
better. L-ascorbic aCId and (with the hmited data available) DHN, are 
very readIly oxidIzed. 
If the same data for anode C4 is consIdered (Tables 36 and 46) then a 
similar picture emerges for L-ascorbic acid and DHN. However, the two 
techItiques place the HAS and fructose in different orders of 
functionality. The Hull cell test, imphed that HAS is better at preventing 
brightener consumption than fructose, whIlst the BSDS consumption 
rates obtained from the thirty minute plating test suggested that fructose 
reduced this consumption more than HAS. The explanation is probably 
due to the timescales of the respective experiments. The electrochemical 
results showed some eVIdence that fructose was oxidIzmg at anode C4, 
but the lack of a defimtlve OXIdatIon wave suggests that this is a very 
slow, dIfficult reaction. By contrast HAS had a clear oxidation wave 
with quite a high 11Irntmg current. It might be postulated, that HAS 
OXIdIzes faIrly rapIdly at anode C4 and in an expenment with a short 
tlmescale its sacnficIal action would appear reasonably good. However, 
over a longer plating time all the HAS would be qUIckly OXIdized and its 
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functIOnality lost The thirty minute plating may therefore favour a slow 
oXidation such as might occur with fructose. 
The Hull cell data for anode S2 (Table 36) agaIn shows good correlation 
with the electrochemical data obtamed from the polarization curves. The 
HPLC data, however, indicates that L-ascorbic acid IS no where near as 
efficient at preventIng BSDS oxidation on anode S2 as it is on the other 
two anodes. It IS noticeable that anode S2 exhibits the lowest Tafel slope 
for L-ascorblc acid oXidation of these three anodes and this could mean 
that the reaction is quicker on this anode than the other two. For thiS 
reason the timescale of the expenment would once more become a 
defining factor. 
For all three anodes, L-ascorblc acid oxidation began at a low potential, 
With a relatively low Tafel slope, and lirruted at very high currents. One 
might therefore expect that this species would be rapidly OXidized and 
that its functionality would quickly deteriorate. The fact that this does 
not happen suggests that the mechanism by which L-ascorblc acid, and 
probably DHN too, reduce brightener consumption IS not solely due to 
sacrificial oxidation. 
Scans 30-32 show the effect of addIng L-asCOrbIC aCid to a BSDS 
containing electrolyte. It can be seen that for all three anodes, the 
presence of L-ascorbic acid causes the BSDS oxidation wave to 
disappear. 
6.7.2.1 SummalY 
The presence of the reverse peak on the anodic CV for L-ascorbic 
acid suggests that one of the hydrolysis products of DHA IS 
electrocherrucally active. This partly explaInS why L-ascorbic acid 
and DHN act at such low concentrations. L-ascorbic acid may 
behave partially as a sacrificial species but If Its OXidation products 
then undergo further cherrucal and electrocherrucal reactions these 
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WIll continue to block active sItes on the anode that would be used 
for BSDS oxidation were these species not there. 
The anodic polarization work showed that for a particular 
sacnficIal specIes to have any effect on brightener oxidation it must 
show some abIlIty to OXIdIze at the anode. Fructose showed no 
effect on the polanzatlon curve for anode C2 and both the Hull cell 
and HPLC work indicated that 11 had very lIttle effect on brightener 
OXIdatIOn. However, if the OXIdation IS too fast, for example HAS 
on anode C4, this may severely limit the timescale of its 
functionalIty. ThIS IS the problem that was envIsaged for the 
sacrificial specIes approach at the conception stage and It seems 
probable that HAS is functIoning purely in the manner predicted 
for pure sacnficIal oxidation. 
If the electrochenncal data for L-ascorbic acid is consIdered one 
would also predict a very rapid oxidation. The fact that this 
compound operates at very low concentrations on both anodes C2 
and C4 may well be related to the adsorbtion discussed above. L-
ascorbic acid has a somewhat reduced effect on bnghtener 
consumption when used in conjunction with anode S2, although the 
electrochenncal behaviour of L-ascorbic acid on this anode is not 
that dIfferent to anode C2. This could be due to two posSIbilItIes: 
either because of the nature of the anode surface, less adsorbtion 
occurs on anode S2 and L-ascorbic acid completely combusts, 
and/or brightener oxidatIon IS occumng via a different route. ThIS 
posSIbIlIty WIll be dIscussed in the overall discussion. 
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6.8 General Discussion 
6.8.1 A Model For Brightener Oxidation At Insoluble Anodes And The 
Mechanism By Which Sacrificial Species Can Reduce Brightener 
Consumption 
The work discussed above has highlighted that what ffilght have been 
regarded as qUite a simple change from soluble to Insoluble anodes has had a 
huge Impact on the electrochermstry of an acid copper plating bath. 
The most obvIOus effect on the electrochemistry is the Increase In anodlc 
potential that occurs when Insoluble anodes are employed as Illustrated In 
the anodlc polanzatlOn work carried out in the early stages of this study. 
This was further emphasized in the thirty minute plating test which showed 
that, for an anode of approximately the same anode area and current density, 
the cell potential for a copper anode Will be 0.5 V whilst for an Insoluble 
anode, depending on ItS composition, the potential Will be 1.6-2.5 V. 
Operating at t1us Iugher potential means that several electrochemical 
reactions that are not possible at a copper anode, can occur at an insoluble 
anode. These electrochemical reactions must be considered If the effect of 
Insoluble anodes on the plating bath chemistry is to be understood. 
The generally accepted mechamsm70-72 for oxygen evolution from a metal 
oxide (M OJ electrode is as detruled below. 
Reaction 9 
Reaction 10 
or, 
Reaction 11 
Reaction 12 
127 
DISCUSSION 
In a simple acid copper electrolyte (I e in the absence of chlonde and 
organic additives), water is broken down at the electrode to fonn adsorbed 
hydroxyl radicals (·OH). In Reaction II these hydroxyl radicals may interact 
with the OXide to fonn a higher metal oxide MOx+1 and, therefore, metals 
that can fonn thiS higher OXide (m tlus case mdlUm, ruthenIum and 
platinum) wIll follow this route to oxygen evolution. Water oxidation wIll 
occur via Reactions 9 and 10 for those metals that cannot fonn a higher 
OXide (e g. lead). 
However If organIC compounds (R) are present in the electrolyte then they 
can be oxidized via Reaction 16 below (that follows Reaction 9 above), 
Reaction 16 
or by Reaction 17 (that follows Reacuon II above), 
MOx+1 +R 7 MOx+RO Reaction 17 
The reacuons can now be used to explain the consumption rates found with 
various anodes in chloride free electrolytes detailed in Tables 47-50. 
The electrochemical studies have shown that lead has a very high oxygen 
evolution potential and so the highly oxidizing hydroxyl radical will be 
available for the complete combustion of BSDS in Reaction 16. The very 
high BSDS consumption rates seen on anode Pb02, compared to C2, C4 and 
S2 in the absence of chloride, are therefore due to the hydroxyl radical 
fonned in reaction 10. 
The BSDS consumptton rates found for anodes C2, C4 and S2 were all 
much lower than for the lead anode in a chlonde free environment but, 
although the consumption rates for the indlUm and ruthenium anodes were 
practically identical, those for the platinum anode were SignIficantly Jngher 
than for these fonner anodes. IndlUm, ruthenIum and platinum can all fonn 
higher oxides and so the mechanism of water oxidation will follow 
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Reactions 9,11 and 12. The hydroxyl radical has therefore been consumed 
and BSDS oxidation must occur by Reaction 17, which is much less 
vigorous then Reaction 16, and this oxidation will in turn have to compete 
With the discharge of oxygen. The vanous polanzation studies have shown 
that oxygen evolution is more kinetically favourable on iridium and 
ruthenium diOXide electrodes than on platinum. One would expect, therefore, 
that for these former anodes Reaction 12 would be preferred. In the case of 
the platmum anode, the potential for oxygen evolution and the Tafel slope 
for this reactIOn are lugh and so Reaction 17 might become more prominent. 
The addition of carner to the electrolyte tended to cause the consumption 
rate to fall on all the anodes. Table 51 and Figure 91 illustrated that the 
highest rates of carrier loss occurred in an 801225/0 +5% carner electrolyte. 
As was mentioned in 2.2, carrier is mamly electrochelTIlcally active at the 
cathode in the presence of chloride. When chloride IS removed therefore, 
carrier is more readily oxidized at the anode. The drop in BSDS 
consumption rate may simply be due to carner acting as a sacrificial species 
and/or this large molecule, or its breakdown products, may be inlubiting 
BSDS oxidation at active sites on the anode. 
The affect of adding chlonde to the system must now be considered. Work 
by Bonfattl et al73 showed that, under alkaline conditions, the addition of 
chloride had a dramatic effect on the "mcineration" of glucose These 
workers propose that in the presence of chloride Reaction 9 can be followed 
by the formation of an 'active' chlorine species wluch is adsorbed on the 
surface of the anode. They suggest that this lughly oxidizing species is 
responsible for the mcreased rates of incmeratlOn. In a silTIllar way this study 
has demonstrated that when chloride is added to an electroplating electrolyte 
the brightener consumption wIll mcrease. The implicatIOn from thiS is that a 
silTIllar mechamsm is involved. 
Taking account the acidic nature of the electrolyte used m this study then 
after the formation of the adsorbed hydroxyl radical another route for the 
oxidation of organic species becomes pOSSible. 
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Reaction 9 
Reaction 19 
Reaction 20 
and! or 
MOx("Cl) + cr ~ MOx + Ch Reaction 21 
Reaction 22 
In this model the critical pomt IS Reaction 19 which suggests the formation 
of a chlorine radical species. Reference to Pourbaix67 indicates that without 
additional expenmental work it is difficult to predict the exact nature of this 
species smce the pH and chloride concentration Will be constantly changing 
in the locality of the anode. It will be noted that Reactions 19,20,21 and 22 
are mdependent of whether a higher oxide can be formed on the anode or not 
and if organics are oxidized by this route, complete combustion wIll occur. It 
is unclear whether Reaction 22 can occur but it is interesting to note that 
both Reactions 20 and 22 result in the reformauon of the chloride ion. This 
may explain why the chloride losses on anode C2 In particular were not 
great. 
The brightener consumption rates shown In Tables 47-50 indicate that when 
chlonde is present in the electrolyte Without carrier the rate Increases only 
slightly for the platInum and lead anodes. In the case of the platinum anode, 
the polarization curve exhibited a clear oxidation wave for chlorine 
oxidation and this probably means that the chlorine radical IS being rapidly 
consumed in Reaction 21 and therefore lIttle change in BSDS oxidation rate 
occurs. Chloride and water OXidation are difficult on lead and so both 
Reactions 16 and/or 20 are possible, although the overall OXidation rate Will 
probably remain largely unchanged. A slight increase in oxidation rate is 
130 
DISCUSSION 
seen with the iridIUm anode and tins can be accounted for due to the 
formation of some chlorine radical species in Reaction 19. Since chlonde 
oXidation has been seen to be qUite difficult at this anode, any active 
chlonne that IS produced is hkely to be available for BSDS combustion In 
Reaction 20. The BSDS consumption rate is most affected in an 80/225150 
electrolyte when a ruthemum dioxide anode IS used. Electrochemical 
investigations showed that chloride oxidation is quite favourable on thiS 
anode compared to the indium diOXide anode, but that it is in strong 
competition with oxygen evolutiOn. It is probable, therefore, that ReactIOn 
19 is more likely on tins anode which Will generate more of the active 
chlonne. However, once again, the competition from oxygen evolutIOn may 
reduce Reaction 21, making Reaction 20 more predominant, leading to an 
Increased bnghtener OXidation rate. 
The highest BSDS consumption rates on all but the lead anode were seen in 
the 80/225150 + 5% carrier electrolyte. The rates are most slgmficantly 
affected when platinum and ruthemum anodes are used. The cyclic 
voltammetry work, and the results from the chloride loss data from the 
ninety minute plating test demonstrated that In the presence of carner, 
chloride oxidation becomes more difficult. The diSSipation of tins species in 
chlorine generation is less likely and therefore Reaction 20 Will prevail with 
a resultant increase in BSDS oxidation. A similar situation might be 
envisaged for the iridium anode but again to a lesser extent due to the 
difficulty of chloride oxidation on this electrode. Once again, little change 
occurred when the lead anode was used suggesting that Reactions 16 andlor 
20 could be occurring. 
This study has demonstrated that brightener consumption on some anodes IS 
affected by the current density, although the manner in which the current 
denSity IS altered is also important. When the current density was increased 
on the iridIUm dioxide anode C2 by raiSing the applied current the BSDS 
consumptIOn rate gradually Increased irrespective of electrolyte (Table 41). 
It can be seen that at very low current densities (2.3 Adm·2) the OXidation 
rates are practically identical and therefore ReactIOn 17 must be the main 
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method ofbnghtener oXldatJon. However, when it is raised to 5.7 Adm-2 and 
above the consumption rates begin to diverge due to the formation of active 
chlorine. It was noted earlIer though that when a current densIty of 
22 8 Adm-2 is reached the consumption rates on all electrolytes have, at the 
most, only doubled with a 10-fold increase in current density. Presumably 
thiS is because ReactIOn 12 becomes more and more dormnant making 
Reactions 17 and 20 less efficient 
When current densIty was increased, by redUCIng the surface area of this 
mdium diOXide anode, the BSDS consumption rate fen (Table 42) and 
reference to Table 43 indicates that this is also true for ruthenium dioxide. 
As the surface area of these electrodes IS reduced one would expect the 
reaction that proVides the greatest flux of electrons to the surface to prevail. 
For these two anodes this is clearly Reaction 12, oxygen evolution, and 
therefore brightener oxidation is reduced. It can be no cOIncidence that the 
two anodes least affected by reducing the surface area are the two With the 
highest oxygen evolutJon potentials i.e. platinum and lead dIOxide. Even 
with the reduced anode area there are presumably stin enough sites aVailable 
for ReactJons 16,17 and 20 to continue at a significant rate. 
It fonows that If these models can explain the mechanism of BSDS 
OXidation on various anodes, then sacnficlal species must functJon by 
disrupting them. Consideration of the results from the 2110 minute Hun cen 
test (Tables 35-38) and the thirty minute plating test (Table 46) showed that 
fructose and HAS had the least impact on BSDS consumption rate. These 
species are acting as true sacrificial species and reduce brightener 
consumptJon simply by preferentially OXidizing in ReactIOns 16,17 and 20. 
Their actJvity is relatJvely short lIved SInce once consumed, brightener 
oxidation can begIn again. Compounds such as L-ascorbic acid and DHN 
can function at much lower concentrations and have a more Significant 
impact on brightener consumption. The CV work carried out With L-ascorblc 
acid indicated that its oxidation product could undergo further chemical and 
electrochermcal oXldatJons .. These reactions might be expected to block the 
sites for reactions 16, 17 and 20 therefore causing a more dramatic drop In 
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brightener consumption. For the iridium dioxide, and platinum anodes the 
values for BSDS consumption become almost identical when L-ascorbic 
acid is added to the electrolyte (Tables 47·48) i.e. the effect of chloride has 
been negated. This strongly suggests that Reaction 20 is being inhibited by 
these further OXidations of L-ascorblc aCid OXidation products. Some 
reductions m consumption rate were also seen m the chlonde free 
electrolytes, parucularly for platmum, indlcatmg that reaction 6 is also 
affected by these reactions. 
The situaUon for ruthemum dIOXide IS somewhat more complIcated. If the 
consumpuon rates m the L·ascorblc aCid contammg electrolytes are 
considered (Table 49) then It can be seen that the presence of chlonde sull 
has a Significant effect on BSDS oxidauon. This may suggest that the these 
reacUons occur more readIly on ruthenium dIOxide leadmg to more efficient 
and rapid combustion of L-ascorblc aCid m Reacuon 20 and consequently 
lower reductions m BSDS OXidation. 
The results for lead dioxide (Table 50) demonstrate that although L-ascorbic 
acid has a Significant effect on the consumption rate m chlonde contaming 
electrolytes, it has the most mfluence on the consumpuon rate in chlonde 
free electrolytes. This implIes, therefore, that Reaction 20 does occur on lead 
diOXide, but Reacuon 16 is predormnant. 
One other method of reducmg brightener consumpuon was evaluated, 
namely the 'Redox couple'. Table 46 clearly shows that the iron 'Redox 
couple' Significantly reduces BSDS consumpuon on the mdlUm, ruthemum 
and plaunum electrodes. The vanous papers and patents issued by Atotech 
suggest that thiS is due to the 'Redox couple' maintaining the cell potenUal 
below that for oxygen evolution and brightener oxidation potentials. 
However, it seems more lIkely that m fact these 'Redox couples' are 
mhlbltmg bnghtener oxidation by sacnficlally oXldlzmg in Reaction 20. The 
redox nature of these species means that the Fe3+ Ions generated will be 
reduced back to Fe2+ at the cathode and so the process of inhibition can 
begin again. 
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6.8.2 The Effect Of Insoluble Anodes On The OXidatIOn/Reduction Cycle Of 
BSDS 
Although no detailed work was carried out in this study on the 
oXidation/reduction cycle of BSDS given in 2.2 some of the findings from 
tlus work may have implications for these reactions. 
It is difficult to envisage how Cu l+ is gOIng to be formed In an Insoluble 
anode electrolyte. ReactIOn 5 cannot occur in an insoluble anode tank, as 
there is no copper metal present Some Cu 1+ is formed in the final stages of 
the copper depOSItion process but it will be rapidly converted to Cuo. Even if 
any Cu l + were formed by some mechamsm the CV work lughlighted that in 
the presence of insoluble anodes It will be qUickly converted back to Cu2+. 
This may have some quite senous ImplicatIons for the OXidatIon/reduction 
cycle of BSDS. 
In the latter stages of the life study work it was noted that the soluble anode 
tank turned a green colour. In additIon, roughly equivalent lBA values 
would give bnght panels on the soluble tank but matt ones on the insoluble 
tank. This phenomenon could be due to the build up of Cu l + In the soluble 
tank. Under such circumstances one might envisage that a reservoir of the 
cupric-MPS tluol rmght be built up which may be the more active brightener 
species. Such a situation could not occur when insoluble anodes were 
employed. 
L-ascorblc aCid IS qUIte a strong redUCIng agent and the colour change 
expenment showed that when left to stand the L-ascorblc acid containIng 
solutions also became green in colour and eventually black particles were 
seen In the aged samples. If this is due to the reduction of Cu2+ to Cul+ it 
might be supposed that L-ascorbic aCid could also have a Significant Impact 
on this cycle. 
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The oXldatton/reduction cycle also explams the 'disappearance' of MPS in 
the Cu2+ electrolytes. In Reaction 7 it can be seen that MPS can react with 
Cu2+ to form BSDS and this is what appears to have occurred since the MPS 
peak, detected in sulphuric acid, was no longer seen ID the 80/225150 + 5% 
carrier electrolyte. All the MPS had apparently converted to BSDS. 
135 
CONCLUSIONS AND FURTHER WORK 
7. CONCLUSIONS AND FURTHER WORK 
7.1 Conclusions 
The aIms and objectives of this study were outlined in 2.6. The following are the 
conclusions relating to those alms. 
1. Compared to soluble anodes, the use of msoluble anodes causes a dramatIc 
increase in bnghtener consumptIon. This causes problems WIth the control of the 
electroplating process that m turn affects both the mechanical propertIes of the 
electroplated deposit and the throwmg power of the electrolyte. 
2. The consumptIOn rates of all the commonly used acid copper bnghteners are 
similarly hIgh. 
3. Insoluble anodes can be charactenzed in terms of their morphology, chemical 
composition, electrochemistry and their propensIty to oxidize brightener. 
4. HIgh brightener consumption rates are seen on all the commercially aVaIlable 
insoluble anodes. 
5. Insoluble anodes operate at higher potentials than soluble anodes allowing for 
addItional electrochemical reactIons to occur. 
6. The 'Redox couple' method reduces bnghtener consumptIon. The functionality 
of a particular 'Redox couple' IS related to its redox potential. 
7. The addlt10n of certain organic species (m trus study partIcularly L-ascorbic 
acid) causes a dramatic reduction in bnghtener consumption even when these 
specIes are used at relatively low concentrations. 
8. In the absence of chloride brightener oXIdation IS greatly reduced. ThIs effect is 
most pronounced in the 80/225/0 + 5% carrier electrolyte. 
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9. When camer IS added to a chloride containing electrolyte the loss of chlonde is 
reduced. 
10. Reducing the anode area decreased the amount of brightener consumed on 
iridium and ruthenium dioxide anodes, but not on platinum and lead dioxide. 
11. iridIUm dIOxide showed the most promising charactensttcs as a choice for 
Insoluble anode material. Although all the insoluble anodes caused the 
bnghtener consumption rates to increase very slgmficantly compared, to a 
soluble copper anode of eqUivalent dimenSIOns, the IridIUm dIOXide based 
anodes generally showed the lowest consumptton rates of the anodes tested. In 
addltton, if the area of this type of anode was reduced the bnghtener 
consumption was lowered and it responded best to the use of sacnficlal species. 
Platinum is probably the only viable alternative to iridium dioxide although It 
had a much higher brightener consumption rate. Ruthenium dioxide was shown 
to have a high brightener consumption rate and is also reported to be unstable in 
an acid sulphate electrolyte. Despite bemg cheap, lead dioxide had the highest 
bnghtener consumption rate of all the anodes tested. 
12. Used m conjunction With the electrochemical characteristics of the anode 
matenals, the models detaIled in 6.8.1 can explain not only the mechanism of 
brightener oxidation at various insoluble anodes but also the means by which 
sacrificial species prevent it. 
7.2 Further Work 
I. Although the sacrificial species approach proved very successful, the use of a 
further additive In an electroplattng bath, even at low concentrattons, IS not 
ideal. This study also found that carrier had quite a dramatic Impact on 
brightener consumptIOn and it ITIlght be enVisaged that a camer that formed a 
stronger complex With the chloride ion might prevent the oxidation of this 
species. The possibility of engineering a camer molecule with, for example L-
ascorbic aCid branches ITIlght also be explored. 
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2. The long tenn effect of adding species such as L-ascorbic acid or DHN must be 
determined to establish whether they Impact on the functionality of the bath or 
the deposits characteristics (in particular, the effect on the mechanical properties 
of the electroplate). 
3. The simplest means of reducing brightener consumption was found to be 
redUCing the anode area, particularly on indlUm dioxide. Whether, thiS is a 
practical solution over a long penod of time needs to be evaluated to ensure that 
it does not Impact on the Integnty of the oXide coating. In addition It has been 
shown that the method of manufacture of the anode can have a slgmficant effect 
on the morphology of the oXide. An investigation might therefore be carned out, 
In conjunction With an anode supplier, to try and reduce the surface area of the 
anode by optimiZIng the manufactunng process. 
4. This study confinned that chlonde IS an Important factor in the oxidation of 
brightener. Further mechanistic work might be carried out to detenrune the exact 
nature of the active chlonne species and to detect whether chlonne gas IS 
evolved at the vanous insoluble anodes. 
5. Pulse plating is now being frequently used in conjunction with insoluble anodes 
mainly to improve throWing power and disIribution. The effect of tins type of 
plating on the lifetime of Insoluble anode materials should be investigated, as 
well as Its impact on bnghtener oxidation. 
6. This study has focused on the use of Insoluble anodes In horizontal plating 
equipment However, one might envisage that insoluble anodes could provide 
advantages even in vertical plating. As insoluble anodes are nonnally supplied 
as a mesh, further work could investigate the design of a vertical cell whereby 
eductors were placed behind the mesh that could 'fire' electrolyte honzontally 
through the holes of the PCB. Higher current densities could thus be achieved at 
both the anode and cathode with Improved throWing power and distnbution. 
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Table 1. Key manufacturing parameters in PCB production 
Data from Shipley technology roadmap 2001 (Nancy Chiarotto) 
Board type Double sided MuItilayer 
Feature 2001 2003 200S 2001~ 2003 200S 
Outer layer hne lOO 75 50 80 60 50 
width (llm) 
Inner layer Itne na na na 80 60 50 
width (llm) 
MIrumum 250 150 ISO 200 lOO lOO 
through hole 
wameter (Ilm) 
MaxImum 101 12 I 14 I 12 I 14.1 16 I 
through hole 
aspect ratio 
MInimum buned na na na 200 150 150 
Vla diameter (Ilm) 
Maxunum buned na na na 1 1 1:1 1'1 
Vla aspect ratio 
Mtmmum buned na na na 90 75 50 
via diameter (llm) 
Maxunum boned na na na 1:1 1.25 1 125:1 
Vla aspect ratio 
Integrated na na na No No Yes 
optoelectromcs 
technology 
Aspect ratio = hole diameter I board thickness 
Table 2. Electronic equipment production growth 
Constant $ percentage growth rates converted at constant exchange rates 
Data from Henderson ventures 
1999 2000 2001 2002 2003 
orld 73 120 -11 0 -13 98 
85 129 -145 -3.3 8.7 
.Europe 85 114 -93 -2.7 96 
apan -3.0 7.5 -106 -48 61 
SE Asia 69 178 -97 4.3 13.1 
2004 
11.4 
11.7 
8.8 
77 
7.4 
Table 3. Vertical versus horizontal processing times for desmear. MHC and 
electroplate 
Process time (seconds) 
Process Vertical Horizontal 
lDesmear 
Solvent swell 300 60 
"nse 300 30 
fromoter 600 120 
nnse 300 30 
!-IeutraIlser 180 30 
"nse 120 30 
!rotal desmear time 1800 300 
Electroless copper 
Conditioner 300 60 
nnse 300 30 
IMtcro-etch 300 120 
rinse 120 30 
Catalyst pre-dlp 60 IS 
Catalyst 300 120 
rInse 300 30 
Electroless cQllJler 1200 240 
rinse 120 30 
Total electroless copper time 3000 675 
Total desmear + electroless 
copper time 4800 975 
Vertical acid copper electroplate 
PC Cleaner 300 300 
rinse 300 300 
,,-tch 30 30 
rinse 60 60 
10% Sulphuric acId dIp 60 60 
ACId copper electroplate 4800 4800 
nnse 120 120 
Total electroplate process time 5670 5670 
Total processinl! time 10470 6645 
lJ<;Jectroplate time as % or total 54.2 85.3 
Table 4. ElectrochemicaI properties of iridium dioxide containing anodes in sulphuric acid 
Sulphuric 
tEOl nonnalized Rererence Anode material Method or preparation acid Temperature Current density b. 
(molarity) (.C) , (Adm·') o SHE (V) (mVldec) 
24 Ruo,-JrO, (90-10)' ~Glbaked at 400 'c for I hour m 31r 05 RT 011100 1 43/1.73 42 
24 RuO,-lrO, (70-30)' ~:>Glbaked at 400 "C for 1 hour m air 05 RT 0.11100 14211 58 45 
24 Ruo,-JrO, (50-50)' ~Glbaked at 400 ·C for 1 hour m air 05 RT 011100 14411 62 46 
24 Ruo,-lrO, (30-70)' ~Glbaked at 400 "C for 1 hour m air 05 RT 0.1/100 14411 60 49 
24 RuO,-lrO, (10-90)' ~Glbaked at 4OO'C for 1 hour m 31r 05 RT 011100 1.4611 65 57 
24 rO, ~Glbaked at 400 "C for 1 hour m 31r 05 RT 0.11100 1 5211 68 61 
34 TIIIr-Ta tro.1baked at 450-600 ·C for 1 hour 10 60 120 1.47-1.80 
34 TJ!Ir-Ti irnlbaked at 450-550'C for 1 hour 10 60 120 1 51-1 93 
34 T.-Pd(O 5)"/lr irnlbaked at 550·C for 1 hour m 31r 10 60 12.0 1.51-1.70 
34 TUTa-Ir-Co lrn1baked at 500-550'C for 1 hour in air 10 60 120 150-165 
34 TUTa-Ir-Ca irnlbaked at 5OO-550·C for 1 hour ID mr 1.0 60 12.0 1.52-1.57 
37 TtlRuJrOX irnlbaked ID air at 350'C for 5 mm 05 25 30/40 
37 TtlRlIo ,Iro, TaOx Irn.lbaked in air at 350 "C for 5 mm 0.5 25 30/40 
37 TtlRuIro, TOo ,Ox irnlbaked in air at 350·C for 5 nun 05 25 30 
37 WJ!IrOx irnlbaked in 31r at 350 "C for 5 nun 05 25 35155 
39 tLJ!IrO,.Ta,O, (25-75)' [I:>lbaked at 5OO'C for 5 minutes m air 20 60-65 2.0 1.62 
61 rt"J!IrO, irnlbaked at 450 "C 31r 05 30 61 
61 tIrO, irnlbaked at 650"C 0, 0.5 30 53 
Table 5. Electrochemical properties of ruthenium dioxide containing anodes in sulphuric acid 
Sulphuric 
~; normalized Reference Anode material Method of preparation acid Temperature Current density b. 
(molarity) ('Cl (Adm·l ) o SHE (V) (mVldec) 
24 ~uo, SGlbaked at 400 'C for I hour In air 05 RT 01 1.47 39 
24 ~uo,-IrO, (90-10)' SGlbaked at 400 'C for I hour in air 05 RT 011100 1.43/1 73 42 
24 Ruo,-irO, (70-30)' SGlbaked at 400 'C for I hour In alf 0.5 RT 011100 14211.58 45 
24 RuO,-IrO, (50-50)' Glbaked at 400 'c for 1 hour In alr 05 RT 011100 14411 62 46 
24 ~uO,-IrO, (30-70)' Glbaked at 400 'C for I hour In alr 05 RT 011100 1.44/160 49 
24 ~u02'IrO, (10-90)' SGlbaked at 400 'c for I hour In air 05 RT 011100 14611 65 57 
34 irllRu-TI TDlbaked at 450-550 'c for I hour 10 60 120 147->25 
34 IrllRu-T. TDlbaked at 450-550'C for I hour 1.0 60 120 145-2.00 
37 iriIRuOx TDlbaked in alf at 350 'C for 5 mIn 05 25 32142 
37 iriIRuTaOx TDlbaked In alf at 350 'c for 5 min 05 25 30140 
37 lriIRulrOx TDlbaked In alr at 350 'C for 5 nun 0.5 25 30140 
37 irllRno,Ir.,TaOx (x<2) IrOlbaked in air at 350 'c for 5 mln 0.5 25 30140 
37 irllRuIr.,Tao,Ox (x<2) irDlbaked in air at 350 'c for 5 nun 05 25 30 
39 lriIRuO, IrOlbaked at 500 'c for 5 mInutes in air 20 60-65 2.0 1.55 
39 irllRuO,-Ta,O, (10-90)' irDlbaked .. 500 'c for 5 mInutes In alr 20 60-65 20 155 
39 irllRuO,-Ta,O, (50-50)' irDlbaked at 500 'c for 5 mInutes In air 20 60-65 2.0 1.55 
39 IIMn WO.-RuO,-Ta,O, 
45-12-43)' TDlbaked at 500'C for 5 mIDutes in alr 20 60-65 20 155 
39 IIIIMnWO.-RuO,-Ta,O, 
40-6-54)' TDlbaked at 500'C for 5 mmutes ID alr 2.0 60-65 20 156 
39 IIMn WO.-RuO,-Ta,O, 
40-6-54)' TDlbaked at 500'C for 5 mmutes m alr 20 60-65 20 1.59 
39 irllRuo,-Ta,O, (12-88)' TDlbaked at 500 'c for 5 mmutes in alr 2.0 60-65 20 155 
Table 5. Contd. 
Sulphuric 
EOl nonnalized Reference Anode material Method of preparation acid Temperature Current density b. 
(moJarity) (-C) (Adm·') o SHE (V) (mV/dec) 
IICo WO,-RuOz-Ta,O, (42 5-
39 12-455)* TDlbaked at 500 "C for 5 nunules ID au 20 60-65 20 156 
41 TlIRu ED 05 RT 120 101 
41 TIIRUo,Rho , EO 05 RT 120 1.26 
41 friIRUo ,Rho, ED 05 RT 120 I 31 
41 trllRUo ,Rho. ED 0.5 RT 120 1 51 
56 lAulPbO,-RuO,(O 1)* (lOl'm) ED 05 101100 I 09/1 21 
56 lAulPbOz-RuO,(O 2)* (1OI'm) ED 05 1.01100 105/1.15 
56 lAulPbO,-RuOz(O 3)* (IOJ.lm) ED 05 10110.0 1 0111 08 
56 AulPbO,-RuOz(O 5)* (lOl'm) ED 05 1.01100 1.0011 07 
56 AulPbO,-RuOz(O 8)* (lOl'm) ED 05 10/100 I 0111.08 
56 [AulPbO,-RuOz(O 5)* (3011m) ED 0.5 10/100 0.97/1.04 
61 IrllRuOz TDlbaked at 450'C air 05 30 55 
61 ~uO. TDlbaked at 450 "C rur 05 30 51 
61 rtlRuO, IDlbaked at 650 "C air 05 30 64/88 
61 ~uO, Irolbaked at 450 "C Oz 0.5 30 49 
61 ~uO, Irolbaked at 650 "C 0, 0.5 30 72 
Table 6. Electrochemical properties of lead dioxide containing anodes in sulphuric acid 
Sulphuric 
Reference Anode material Method of preparation ' acid Temperature Additives Current density EOl normaIized b. 
(molarity) (.C) (Adm-') o SHE (V) (mVldec) 
49 Ph-Ca-Sn Alloy 18 35 lono 20512 18 
50 rb ID 35-40 4_0 200 
50 I'b-Ag(O.5)" ID 35-40 4_0 190 
50 Ph-Sb(3.0)" 1.0 35-40 40 1.95 
50 Ph-Sb(30)" 10 35-40 4.0 195 
50 rb-Sb(30)" 10 35-40 40 195 
50 Ph-Ca(0.5)'· 10 35-40 40 195 
50 fb-Ag(0.5)-Sb(1 0)" 1.0 35-40 4_0 190 
... 0 mtrate MSB at 90-100·C for 3 
50 rb hours 10 35-40 40 1.75-1 88 
Fe mtrate MSB at 90-100·C for 3 
50 rt> ours 10 35-40 40 I 81-1 87 
NI mtrate MSB at 90-100·C for 3 
50 Pb ours 10 35-40 40 I 81-1.92 
Co rutrate MSB at 120-130"C for I 
50 [Pb our 10 35-40 40 1.82-1.86 
Co mtrate MSB at 150-160 "C for 40 
50 Pb min 10 35-40 40 180-1.84 
"0 rutrate MSB at 190-2oo"C for 20 
50 rb knin 1.0 35-40 4.0 1.81-1.86 
Pb 
r--0 persulphate MSB at 9O-100·C for 
50 ~Omin 1.0 35-40 40 I 83-1 90 
Co mtrate MSB at 9O-100"C for 3 
50 [Ph-A~(O 5) ours 1.0 35-40 40 172-1 85 
... 0 mtrate MSB at 9O-100·C for 3 
50 fb-Sb(3.0) ours 1.0 35-40 40 I 82-1 92 
Table 6. Contd. 
Sulphuric 
Em nonnaIised Reference Anode material Method or preparation acid Temperature Additives Current density h. 
(molarltv) (·C) (Adrn·') o SHE (V) (mV/dee) 
Fe mtrate MSB at 9O-1OO·C for 3 
50 Ph-Sb(3.0)·· hours 10 35-40 40 1 81-1 94 
Ph-Sb(30)0, 
/'11 mtrate MSB at 90-100 ·C for 3 
50 hours 10 35-40 40 1 81-1.93 
Co mtrate MSB at 90-1oo"c for 3 
50 Ph-Ca(O 5)" hours 10 35-40 40 1.74-1 85 
Co mlrate MSB at 90-1OO·C for 3 
50 fb-Ag(O 5)-Sb(l 0)" hours 10 35-40 40 1.74-1 87 
56 f\ulPbO, (10 urn) ED 05 101100 158/1.71 
56 f\ulPbO,.RuO,(O I)' (10 Jirn) lID 05 1.0/100 10911 21 
56 f\ulPbO,.RuO,(O 2)' (10 urn) go 05 101100 1051115 
56 f\ulPbO,-RuO,(O.3)' (10 urn) EO 05 101100 10111 08 
56 f\ulPbO,.RuO,(O.5)' (10 Jirn) go 05 101100 10011 07 
56 f\ulPbO,-RuO,(0.8)' (10 urn) go 05 101100 10111.08 
56 f\ulPbO,-RuO,(O 5)' (30 urn) lID 05 1.01100 09711 04 
57 hVpbO, lID 00 35 81 
57 Ir-tIPbO, lID 10 35 112 
57 Ir"tIPbO, lID 75 35 112 
59 Pbo, 10 25 98 
59 PhD, 10 25 13rng/l Co 61 
59 PbD, 10 25 5OmgllCo 65 
59 PbD, 10 25 200mgllCo 67 
Table 7. Electrochemical properties of other oxide anodes in sulphuric acid 
Reference Anode material Method of preparation 
34 i-Pd(O 5%)fTa imlbaked at 500 ·C for 1 hour m air 
61 PtlBMn02 IrDlbaked at 170 ·C air 
61 TUCo,O, imlbaked at 350 "C ill 
61 TIIRh,O, imlbaked at 650 "C air 
61 »rJRh,O, imlbaked at 450 "C air 
61 PtIRh,03 IrDlbaked at 650 ·C 0, 
61 PtlPdO IrDlbaked at 450 ·C aJr 
61 irJIPdO imlbaked at 650 ·C 0, 
61 rdO IrDlbakedat 650·C0, 
61 irllPtO, IrDlbaked at 450·C aJr 
61 fto, imlbaked at 450·C 0, 
Abbreviations used in Tables 4-7 
TiIIr02 - indicates Ti base coated with Ir02 
SG-Sol gel 
TO - Thennal decomposition 
ED - Electrodeposited 
MSB - Molten salt bath 
* -mole percent 
** -weight percent 
Sulphuric 
acid 
(molaritv) 
1.0 
05 
05 
05 
05 
05 
0.5 
05 
05 
05 
05 
Eo, normalised Temperature Current density b. 
("C) (Adni') o SHE (V) (mV/dee) 
60 120 150-1 69 
30 82180 
30 71 
30 64/65 
30 78 
30 95 
30 86 
30 124 
30 118 
30 1181126 
30 91 
Table 8 Brighteners used m thIS study 
BSDS (bis-(3-sodlUmsulphopropyl) 
lSul lude, sodIUm salt 
PS (3-pyrodlOlUm propyl sulphonate) 
UPS (3-S-lSotluuronium propyl sulphonate) 
PS (3-(benzoth.ozolyl-2-mercapto)-propyl-
ul home acid, sodIum salt 
-17 
lupley 
Lucerne 
PX «O-ethyld.tIuocarbonato)-S-(3-
ul ho ro I)-ester, tassium salt) 
Methyl VIOlet S.gma-
Aldnch Ac.d co 
Table 9. Insoluble anodes used in this study 
:Suppliers description of oxide 
~nodeCode Supplier Base material , composition' 
Cu (0 03-0 08% P) McGean Rohco Not applicable Not applicable 
g Malmeto Chem.e h"1 Ir 
C2 Magneto Chem.e ~I Ir 
C3 Magneto Chem.e ~I iRu, Ir 
C4 Malmeto ChelDle h". Pt 
~ ~eNora fr. Ir 
~2 ~Nora ~i Ru 
DJ ~egussa Nb Pt 
D2 ~egussa h". Rn, Ir 
D3 Degussa fr. Pt, Ir 
D4 Degussa ~. Pt, Ir, Rn 
MI Metakem ~. r 
M2 Metakem h". Ir 
W_ Metakem fr. Rn 
PhD, McGean Rohco Not applicable Pb 
Tvpe' 
Cast 
Mesh 
Plate 
Plate 
Plate 
Plate 
Plate 
Mesh 
Mesh 
Mesh 
Mesh 
Plate 
Plate 
Plate 
Cast 
Table 10. Ninety minute plating tests - solution colour change experiment 
Anode-C2 
Additive cone. Plating time 
SolnNo Additive Electrolyte (1'/1) (minutes) 
\ None 801225150 + 5% camer 00 0 
2 None 1801225150 + 5% camer 00 90 
3 101'/1 L-ascorblc aCId 1801225/50 + 5% camer 10\ 0 
4 101'/1 L-ascorblC aCId 1801225/50 + 5% camer \00 90 
5 IOg/I DehydroascorbIc aCId ~0I225/50 + 5% camer 10\ 0 
6 IOg/I OXalIC aCId 1801225/50 + 5% camer 10\ 0 
7 IOg/I L-ascorblc aCId 801225/0 + 5% camer lOO 0 
8 IOg/I L-ascorblc aCId 801225/0 + 5% camer lOO 90 
Table 11. Mechanical properties of foils produced in soluble anodes versus insoluble anodes life study 
Soluble anode tank Insoluble anode tank 
Batbage Elon.ation (%) Tensile strength (N/mm) Elongation (%) Tensile strength (N/mm) 
(Ahr) Max Mean Min Max Mean Min Max Mean Min Max Mean Min 
1984 132 9.5 70 317 290 273 92 76 50 343 310 278 
3818 13.1 \08 86 318 296 281 106 81 5.5 329 298 271 
6406 98 82 66 327 300 280 110 90 7.1 323 293 252 
9587 112 106 94 302 273 244 12 I 110 101 309 274 247 
12845 165 12.5 94 306 293 277 131 113 93 322 298 288 
16682 14.2 12.3 lOO 326 316 305 135 12.0 106 333 302 281 
21085 148 12.4 87 319 303 287 
21536 145 114 95 320 299 284 145 118 8.6 314 295 275 
25568 12.2 111 99 337 305 284 133 108 89 338 314 295 
29917 132 108 89 346 326 313 132 107 76 327 302 267 
33872 160 129 109 342 319 305 13.5 106 74 333 306 261 
42682 17.3 149 10.1 335 313 295 15.1 104 66 303 285 257 
45974 147 119 89 326 304 286 11.9 96 6.1 328 304 276 
49216 175 123 88 328 314 304 140 11.9 10.3 338 308 291 
54688 132 10.7 92 327 308 294 133 10.0 65 329 311 297 
62205 153 11.7 88 332 306 285 11.7 \03 88 331 306 275 
67750 17.7 13.3 95 339 323 311 11.4 96 6.7 337 317 298 
73210 170 127 107 325 309 290 108 8.7 5.7 328 313 293 
78288 134 98 80 327 309 285 113 80 58 320 303 290 
86816 147 8.8 5.1 328 301 283 138 109 8.2 351 322 296 
92096 156 107 64 329 306 284 123 103 8.3 336 314 282 
96640 130 9.6 6.2 334 313 291 12.7 103 80 353 331 299 
Means 14.5 11.3 8.7 327 306 288 12.5 10.1 7.7 330 305 279 
Table 12a. Thermal shock data from boards produced in soluble anodes versus insoluble anodes life study (0 9mm holes) 
Soluble anode tank Insoluble anode tank 
Hole Corner cracks (%) Hole Corner cracks (%) 
centre Barrel centre Barrel 
Bath age thickness cracks thickness cracks 
(Ahr) (urn) (%) Type 1 Type 2 Type 3 IType4 TypeS Total irype 3-5 (urn) (%) Type 1 Tvpe2 Type 3 Tvpe4 TypeS Total Type 3-5 
2781 25.2 00 1.4 13 00 00 0.0 27 00 188 500 14 14 40 345 294 70.7 679 
6544 283 00 50 00 00 00 00 50 00 260 00 50 25 00 00 00 75 00 
9725 343 00 139 13 00 00 00 152 00 232 00 313 27 00 00 00 340 00 
12982 42.3 00 507 26 00 13 00 546 1.3 303 00 216 25 00 00 00 241 00 
16819 27.3 00 92 00 00 00 00 92 0.0 260 00 68 00 00 00 00 68 00 
21222 350 00 184 00 00 00 00 184 00 258 00 333 96 7.5 00 00 504 75 
21667 240 00 122 00 00 00 00 122 00 240 00 105 80 63 29 00 277 92 
25706 350 00 17.3 26 00 00 00 199 00 320 00 108 00 00 00 00 108 00 
30054 325 00 92 1.7 08 00 00 117 08 203 00 107 32 04 09 00 152 13 
33997 31.1 0.0 6.0 00 00 00 00 60 00 28.0 00 111 09 09 00 09 138 1.8 
42819 33.5 00 3.9 00 00 00 00 39 00 203 00 145 59 25 34 05 268 64 
46125 258 0.0 5.0 00 00 00 00 50 00 27.3 00 229 132 72 47 34 514 153 
49338 330 0.0 186 08 00 0.0 00 19.4 00 27.0 00 176 19 2.3 22 00 240 45 
54835 305 00 241 05 00 0.0 00 246 00 27.0 00 176 19 23 22 00 240 4.5 
62502 253 00 17.4 1.3 00 00 00 18.7 00 265 00 429 46 17 04 00 496 21 
68042 25.8 00 17.7 0.9 00 00 00 186 00 265 00 431 32 00 00 00 463 00 
73501 22.8 00 12.0 3.5 04 00 0.0 15.9 04 223 0.0 305 1.8 00 00 00 323 00 
78576 213 00 11.7 04 00 00 0.0 121 00 185 0.0 172 1.3 00 00 00 185 00 
87104 233 00 140 04 0.0 00 0.0 14.4 00 223 00 138 46 33 00 04 221 37 
92643 188 00 245 29 00 00 0.0 274 00 138 00 236 62 18 04 00 320 2.2 
97069 225 00 301 14 00 00 0.0 31.5 00 193 00 286 3.0 13 00 00 329 13 
Means 28.5 0.0 15.3 1.0 0.1 0.1 0.0 16.5 0.1 24.1 2.4 19.8 3.7 2.0 2.5 1.6 29.6 6.1 
Table 12b. Thermal shock data from boards produced in soluble anodes versus insoluble anodes life study (0.34mm holes) 
Soluble anode tank Insoluble anode tank 
Hole Corner cracks (% ) Hole Corner cracks (%) 
centre Barrel centre Barrel 
Bath age tbickness cracks thickness cracks 
(Ahr/l) (lUll) (%) Type 1 Type 2 Type 3 Type 4 TypeS Total ~ype3-S (lUll) (%) Type 1 Type 2 Type 3 Type 4 TypeS Total Type 3-5 
2781 15.3 00 1.4 13 00 00 00 27 00 145 250 29 \01 21.6 100 150 596 466 
6544 17.7 00 5.0 00 00 00 00 50 00 252 00 13 1.3 00 00 00 26 00 
9725 204 00 139 13 00 00 00 152 00 150 528 139 00 00 00 00 139 00 
12982 173 00 507 26 0.0 13 00 546 13 237 150 lOO 13 13 00 00 126 1.3 
30054 190 00 9.2 1.7 08 0.0 00 11.7 08 173 00 14 00 00 05 00 19 05 
33997 180 00 60 00 00 00 00 60 00 143 00 1.4 0.0 00 00 00 14 00 
42819 128 00 39 00 00 00 00 39 00 155 00 60 00 00 00 00 60 00 
46125 150 0.0 50 00 00 00 00 50 00 145 0.0 120 3.0 22 14 00 186 36 
49338 160 0.0 18.6 08 00 00 00 19.4 00 135 0.0 201 04 00 00 00 205 00 
54835 168 00 24.1 05 00 00 00 246 00 168 3.3 9.7 1.3 00 08 00 118 08 
Means 16.8 0.0 13.8 0.8 0.1 0.1 0.0 14.8 0.2 17.0 9.6 7.9 1.7 2.5 1_3 1.5 14.9 5.3 
Table 13. The effect of various brighteners on electroplate quality 
Current density .sOAdmol 3 o Adm4 
No. of trYPlcal ~ical 
Brightener days 0 ~oserate Barrel Type 3.5 ~oard Barrel Type 3·5 oard 
"... 'es' Electrolyte (m"'Ahrl) .... 'ks(%) <ra'ks (%) jappearance Comments racks(%) racks (%) appeaTance Comments 
BSOS1,'~ ~ c3-, 
" ' 
'801225/50, \~:,o I ~O(Oo) 4 0(158)1 IFs '" ~" 7~ S~l;ble a~~~s ': ~~ dde~tS o~ day 2 'and 3~ 0(33-3) 0(00)' , MIFB , otubte anod~s - no defects ~~ daYs 2 and 3 
~SDS 3 801225/50 32 ~0(00) 0(00) FB 0(00) 0(192) BIFB No defects on days 2 and 3 
~SDS 3 801225/50 28 k> 0 (33 3) 0(00) SBIFB lO%Camer 0(333) 13(192) BIFB IO%Camer 
"PS I 80/225/50 01 1000 75 M 1000 25 M 
"PS I 801225/50 06 600 1000 M 1000 50 M 
~PS 2 801225/50 89 00(800) 1000(1000) M 100 0(100 0 63(925) M 
"PS 3 801225/0 72 1000(1000) 88(929) M 100 0(100 0 88(982) M ~ome 0 34mm holes vOided 
~S 2 801225/50 01 00(450) 50(975) M 00(950) 25(888) 1'1 
kJPS 3 801225/50 35 50(533) 88(983) BIM 8ngbt platmg only occurs tn mornmg 00(767) 00(867) ~ 
~S 4 801225/50 60 100(175) 81(983) B Bn~ht plating only occurs In rnommJ: 33(725) 83(706) ~ bnly bn<h. m momm. 
~S 3 801225/0 82 1000(1000 81(992) M 1000 (100 0 88(992) 1'1 Some 0 34mm holes vOIded 
izPs 3 801225/50 48 150(100) 1000(1000) FB/SB 50(300) 1000(1000 fa/SB 
Izrs 3 801225/50 72 1000(1000 975(767) FB/SB 00(533) 1000(1000 fa/SB 
Izrs 3 801225/0 69 00(533) 1000(1000) SB Nocamer 1000(100 0 88(858) I<B lNo earner - some 0 34mm holes VOIded 
izPs 3 801225/0 82 100 0(100 0) 888 (90 0) SBIM 1000(1000 1000(1000 ~B ~ome 0 34 mm holes VOided 
Table 13.Contd. 
eo ....... density 6.0Adm4 30Adm" 
No-of trYPlcal yplcal 
Brightener- days of p'>ose rate Barrel ~pe3.S ~oard B ...... I ~3.5 oard 
type .es. Electrolyte (m",Ahrl) .... 'ks(%) ... ,ks (%) ~ppearance Comments racks (%) racks(%) appearance Comments 
0-17 3 801225150 I I ~O(OO) ~5 0(500) FB 0(00) 00(650) B 
0-17 3 801225150 19 55(33) 800(692) FB 0(00) 75(833) B 
b·17 3 80/225150 17 0(00) 100 0 (983) FB 0(00) 1000 (95 8) SB 
RJH 3 801225150 39 0(00) 113(167) MIB 00(333) 63(317) FB 
~H 3 80/225150 10 I 500 (33 3) 13(767) FB 100 0 (667) 18(625) I'll 
~H 3 80/225150 71 100(67) 850(789) FB 0(00) 63(786) I'll 
bpx 3 80/225150 10 0(00) 0(00) FB 0(00) 0(50) FB 
bpx 3 801225150 13 0(333) 50(192) FB 0(00) 0(217) FB tNo corner cracks on day 2 and 3 
bpx 3 801225150 12 0(333) 5 (38 3) FB/SB 0(266) 150(425) I'Il/SB lNo corner cracks on day 2 and 3 
aSDS 3 801225150 15 0(00) 13(08) FB 0(00) 5 (17) fB 
iaSDS 3 801225150 30 0(00) 13(08) FB 0(00) 0(25) fB/SB 
Methyl ,",olet 3 801225150 686 0(00) 963 (808) FB 0(00) 13(625) fB 
Abbreviations used in these tables 
FB - fully bright SB - semi -bright 
B - bright M - matt 
Figures in brackets give the mean defect rate over the whole number of days of the trial. Figures outside brackets give mean defect rate 
excluding day 1. 
Table 14. Electrochemical data for brighteners used in this study 
Electrolyte - 80/225150 + 5% carrier 
Anode - Pt (RDE) 
Program - PTOX 
Brightener Conunents E .. Tarelslope 
(V vs SCEt _(mY/doe) 
BSDS 099 991 
PPS No clear OXidation 
wave 
UPS No clear OXidation 
wave 
ZPS Two OXidation 0.76,142 1623,1905 
waves 
0-17 079 2301 
RJ-H 083 2999 
OPX Two oXldatlOn 083,1.40 2293,2170 
waves 
Methyl VIolet 075 700 
k 
I (mAcni') 
134 
06,72 
66 
1 1 
3.1,23.3 
116 
Table 15. Elemental analysis of the oxide surface of insoluble anodes used in this study by EDX 
Weight of element (%) 
Anode 
Code Ir Rn Pt Ta Pb TI AI en Zn Fe Co Ni Sn S Cl C Si Ca 0 
Cl 2488 3686 1403 585 134 390 083 1232 
C2 2641 1045 27.11 385 1.90 924 101 2003 
C3 462 5.49 5797 090 145 0.39 2919 
C4 96.25 375 
SI 2999 4268 221 5.52 124 065 1771 
S2 2408 57.97 085 260 146 127 11 77 
DJ 94.34 566 
D2 306 13.98 61.19 070 2108 
D3 57.94 945 3.63 328 2570 
D4 1.57 7.16 Trace 2986 039 5040 020 1042 
M1 2265 3038 689 401 405 1.39 3064 
M2 2635 4.11 1738 3709 226 12.51 
M3 2702 5886 050 092 12.70 
PhO, 8792 0.53 031 11.24 
Table 16. Morphological analysis of the oxide surface of insoluble anodes 
Anode code Description of the SEM imal!e of the surface or the aoode (xlOOO) ~ 
Cl !Scalloped surface WIth hIgh degree of fissunng 
C2 »calloped surface wIth mlcro-textunng 
C3 ~Ighly mud-cracked surface 
C4 h'extured surface WIth no fissures or cracks 
SI Very smooth surface WIth some very slIght fissunng 
S2 Generally smooth surface but WIth areas of mud-craclang 
D1 Smooth surface WIth mlcro-textunng 
D2 fhghly mud-cracked surface 
D3 Mamly smooth surface WIth some small mud-cracked areas 
D4 ~Ighly mud-cracked surface 
MI ~ghtly scalloped surface WIth some very slIght fissunng 
M2 pghtly scalloped surface WIth some fissunng 
M3 Mostly mud-cracked surface but WIth some small smooth areas 
PbD, Mamly smooth surface WIth some nucro-textunng and cracks 
Table 17. Brightener consumption as determined by Hull cell 
Electrolyte - 801225150 + 5% carrier 
Anode code Time in Hull cell 
2 minutes 10 minutes 
Area of burn/matt (%) 
en 32 34 
Cl 34 lOO 
C2 39 lOO 
C3 39 lOO 
C4 (smgle sIded) 39 70 
C4 (double sIded) 40 lOO 
SI 33 lOO 
S2 32 95 
D1 27 lOO 
D2 28 lOO 
D3 28 lOO 
D4 26 lOO 
MI 31 100 
M2 33 100 
M3 31 lOO 
Pb02 38 lOO 
--- --------------------------------------------------------------------
Table 18. Electrochemical data for anodes used in this study 
Electrolyte - 80/225150 + 5% carrier 
Anode - Various (spade) 
Program - SOLIDOXI 
Electrolyte 801225/50 + 5% carrier 80122510 +20gll chloride 
Reaction Oxygen evolutIon Chloride oxidation 
EOl b. Comments Ea b. iL 
Anode code (V vs SCE) (mVldec) (V vs SCE) (mV/dec) (mAlcm' ) 
Cl 1.30 87.0 1.18 865 52.7 
C2 132 83 I I 19 858 486 
C3 122 107.7 I 12 652 441 
C4 179 153.3 103 580 956 
SI 130 906 1.13 1195 459 
S2 1.23 109.1 1.12 492 489 
Dl 1.79 317.3 Wave at 1.18V- 1.05 365 1550 
chlonde 
oXldatIon 
D2 126 762 1.13 60.7 61.8 
D3 130 918 1.13 1566 83.4 
D4 127 104.5 1.08 1196 9.8 
M1 1.30 913 1.18 954 26.1 
M2 1.30 836 1.16 636 463 
M3 1.23 834 1.16 89.0 35.4 
Pbo, 1.63 1089 nwd nwd nwd 
Table 19. Effect of electrolyte on Tafel slope for BSDS oxidation 
Electrolyte 80/225/50 + 5 % carrier 801225/50 80122510 801225/0 
+5% carrier 
Anode EBSDs b. IL ' b. u , fL ' ' b. ' IL b. IL 
code (V vs (mVldec) (mAJcm') (mV/dec) (mAJcm' ) (mVldec) (mAJcm') (mVldec) (mAJcm' ) 
SCE) 
Cl 098 167.1 2.3 1441 22 1618 33 111.1 5.7 
C2 lOO 1582 62 1332 7.1 152.2 56 125 I 7.5 
C3 098 1264 35 125 3 41 1192 34 1374 53 
C4 105 147.5 7.7 1516 119 1387 55 1303 6.6 
SI 105 1784 23 1791 25 1816 22 2012 2.5 
S2 100 1540 09 1341 1.7 140 I 10 1130 26 
Dl 098 1236 \03 120 I 99 102.7 7.5 988 93 
D2 lOO 1314 25 102.9 39 109.4 2.7 950 47 
D3 103 1229 61 109.4 112 117.4 5.8 106.8 80 
D4 098 1994 23 273.5 25 176.4 2.3 155.4 3.4 
MI 106 3782 38 318.2 58 377.8 3.7 311.3 6.5 
M2 1.03 1174 44 85.1 65 109.4 43 105.1 5.9 
M3 099 1278 3.3 \07.\ 53 114.4 35 95.3 6.7 
PbO, 140 974 4.1 \089 49 nwd nwd nwd nwd 
nwd - no wave detected 
Table 20. Effect of 'Redox couples' on brightener consumption by Hull cell 
Inorganic: CoSO,.7H,O MnSO,.H,O FeSO,.7H,O 
Additive 
Anode Burn/matt area on Hull Burn/matt area on Hull Burn/matt area on Hull 
code cell panel (%) cell panel (%) cell panel (% 
2 minutes 10 minutes 2 minutes 10 minutes 2 minutes 10 minutes, 
Cl 29 100 31 100 30 60 
SI 29 100 28 67 35 35 
S2 29 100 29 100 36 49 
DI 33 100 36 100 35 41 
D2 29 100 36 100 40 55 
D3 31 100 34 99 36 41 
D4 32 100 38 98 40 63 
MI 30 100 31 55 35 37 
M2 30 100 30 100 35 36 
M3 31 100 32 100 37 38 
PhO, 86 100 100 100 100 100 
Table 21. Effect of 'Redox couples' on brightener consumption by Hull cell 
Inorganic CeSO,.4H,O NiSO,.6H,<? ' snSo, 
Additive 
Anode Burn/matt area on Hull Burn/matt area on Hull Burn/matt area on Hull 
code cell panel (% ) cell panel (%) cell panel( %) , 
2 minutes 10 minutes 2 minutes 10 minutes 2 minutes 10 minutes 
Cl 60 100 24 100 59' 51' 
SI 70 100 29 100 54' 47' 
S2 93 100 32 100 55' 44' 
DI 70 100 23 100 56' 53' 
D2 100 100 23 100 55' 48' 
D3 100 100 29 100 53' 48' 
D4 100 100 27 100 50' 50' 
M1 70 100 29 100 49" 48' 
M2 82 100 24 100 53" 56' 
M3 100 100 25 100 52' 50" 
PhO, 100 100 25 100 
* Sn deposition in high current density area of Hull cell. 
Table 22. Standard redox potentials for 'Redox couples' investigated in this study 
(from Pourbaix67) 
Inorganic Redox reaction , EQ , , 
additive , (V";"SHEl 
CoSO,7H,O Co·+ = Co""· 1808 
MnSO"H,O Mn"'+ _MD-+ 1228 
FeSO,,7H,O Fe"+ - Fe..>+ 0.771 
CeSO,4H,O Ce"'+ _Ce + 1.720 
SnSO, Sn"=Sn" 0.151 
Table 23. Results of solubility tests and anodic polarization scans for O.SM solutions of potential sacrificial species 
Electrolyte - 225g1l sulphuric aCid 
Anode - M2 (spade) 
Program - SOLIDOX2 
Comments on solubility in 22SgII Oxidation waves and iLfor oxidation waves 
Sacrificial species lsulphuric acid potentials (V vs SCE) mAcm") 
Fortmc aCid Soluble Possibly some oxidation 
Formaldehyde Soluble 2 waves at 0 8611 04 049/098 
Methanol ~oluble 088 022 
ProPIonIC aCid Soluble POSSibly some oXIdatIon 
Maleic acid ~oluble POSSIbly some OXidatIOn 
Glvoxylic aCid ~oluble POSSibly some oXidation 
Hvdroxylamme mtrate l'loluble 094 095 ? 
Hydroxylamme sulphate Soluble 091 112 ? 
1...--3scorbic aCid ~oluble 041 1232 
Glucose Soluble 045 021 
i'lucrose iSoluble Very httle OXidation 
~odium hvoophosphtte iSoluble 101 093 
!Resorctnol Soluble 2 waves 0 5210 74 037/55 
HYdroxy methane sulfinic aCid iSoluble 085 76 
bxahc acid iSoluble Possibly some oxidatIon 
artanc acid l'loluble POSSIbly some OXidatIon 
1Z.2·-Ethyhdenebls(4.6-dt-tert-butvlphenol) Not soluble 
LocbC aCid (85%) oluble POSSibly some oXldaUDn 
ItriC aCId Soluble 054 026 
~itarntn E Insoluble 
Cltronellol ImmISCIble-phase separates 
Glvcerol propoxylate l'loluble No oXIdatIon 
u-asCorblC acid Iron (ID Not completely mssolved 2 waves 0.3110 46 I 8/1245 
Table 23. Contd. 
c ~ Comments on solubility in 22SgII Oxidation waves and iLfor oxidation waves 
i';acrificial species isulphuric acid IDotentials (V vs SCE) mAcni') 
IEthoxyqum 
ImmIScIble In H,SO" dISsolves m 
acetone-added to H2S04-preclPltated 
Not soluble m H,SO"dIssolves m 
methanol (4gIn 75ml) used this In 
+ )-Catechm hydrate (0 09M solutIon) 150rnl of H,SO, 053 077 
Forms gelatmous mass on addloon to 
IL-ascorblc aCId magnesIUm salt H,SO, 
Insoluble ID H1504, methanol, 
IAnthrone acetone 
IL-ascorblc acid sodIUm salt Soluble 039 1121 
N-acetyl-L-cysteme 
DIssolves In hot H,SO, and WIth 
Increased concentratIOn of H2S04 0.49 084 
iCalcium L-ascorbate dIhydrate Insoluble 
Io-lsoascorbic aCid Soluble 0.38 778 
Methyl 3,4,5-tnhydroxybenzoate !DIssolves ID hot methanol 054 599 
SlIghtly soluble In methanol - drops 
lU'asCorblC aCId 6-palnlltate out on addItion to H,SO, 
lHydrazine hydrate 
Worms whtte precipItate on additIon 
to H,SO, 
Insoluble 10 H,SO., methanol, 
PitelradecYI3,3'-thiodIpropionate 
acetone ~chssolves in hot H280. 
IpreclPltated on coolm~ 
",6'-Dlhyroxy-5,5'-dImethoxy-[I,1 'blphenyll- Insoluble In H,SO" methanol and 
,3'dIcarboxaldehyde acetone 
IFructose Soluble PosSlblv some oxidatIOn 
tyalero lactone Soluble 0.91 042 
Table 24. Effect of sacrificIal species on brightener consumption using the 2110 
minute Hull cell test 
AnodeC2 
Burn/matt area on Hull cellaCter 10 minutes (%) 
Concentration 20211 1211 400ml!ll 200ml!ll 
!sacrificial species 
1F0nmc acid 100 
Fonnaldehyde 100 
Methanol 100 
PropIonic aCId 48 100 
MaleIc aCId 43-100 lOO 
GlyoxylIc aCId 47-100 lOO 
Hydroxvlamme nitrate 70 45 44 46-100 
~ydroxylanune 
ulohate 42 50 50 45-100 
L-ascorblc acid 46 44 
Glucose 62-100 lOO 
Sucrose 60-100 lOO 
SodIum 
hypophosphite 45 45 46 70-100 
Resorcmol 62 
(Iydroxy methane 
u1timc aCId • 
Oxalic aCId DND 
Tartanc aCId 50 lOO 
[.actIc acid (85%) 55-100 lOO 
rltric aCId 55-lOO lOO 
Glycerol propoxylate 70-100 
L-ascorblc aCId Iron 
(11) salt 45 47 
+ )-CatecIun hydrate DND 
L-ascorblc acid 
ochum 40 49 
N-acetyl-ircysteine DND 
D-lSOasCOrblC acid 50 50 
Methyl 3,4,5-
tnhvdroxvbenzoate 95 
Fructose lOO lOO 
2,7-
Dlhdroxynaphthalene I 
1,5-Dlhdroy 
naphthalene 
2,4-Dlhydroxybenzoic 
acid' 
* yellow gas gIven off on addItIon to electrolyte 
DND - dId not dissolve 
50m211 
95-100 
97-100 
44 
lOO 
48 
40 
39 
1 - identified by US work. Only dissolves in hot water 
25m211 
44 
42 
2 - identified by US work. Only dIssolves in hot methanol 
3 - identified by US work. Dissolves in warm water 
16m211 12m211 8m..n 
lOO 
44 45-100 57-lOO 
44-100 
36 40 51-lOO 
39 33 55-lOO 
5m211 Im211 
70-100 lOO 
46 75 
46 75 
46 lOO 
Table 25. Effect of sacrificial species on brightener consumption using the 
2110 minute Hull cell test 
AnodeDl 
Burn/matt area on Hull cell 
after 10 minutes (%) 
!concentration 20g/l 
~ompound 
!Fonnic aCid lOO 
lFonnaldehyde lOO 
Methanol lOO 
Hydroxylarrune mtrate 60 
Hydroxylarrune 
ulphate 52 
IL-ascorblc aCid 53 
~odium 
hvoophosphlte 55 
fLrascorbic aCid Iron 
km salt 49 
Io-Isoascorbic aCId 51 
IProPlOnIC aCid 52 
Maleic aCid 50 
kJlvoxvlic aCid 60-100 
kJlucose lOO 
~ucrose lOO 
Irartaric acid 100 
LaCtiC aCid (85%)- 100 
htric acid 56-lOO 
k:;lycerol propoxylate 95-100 
IL-ascorblc aCid 
~odlUm 58 
!Fructose 58 
Table 26. Ninety minute platmg test - effect of BSDS 
Electrolyte - 120/225/variable 
Anode Stirrer Electrolvte Total BSDS BSDS dose rate 
code speed Cr(ppm) Carrier(%) added (mg/l) (mglAhrl) 
Cu' 600 50 5 08 01 
Cu' 600 50 5 04 005 
C2 600 50 5 300 40 
C2 600 50 5 212 28 
C2 600 50 5 120 16 
C2 600 50 5 08 01 
C2 200 50 5 304 41 
C2 none 50 5 304 4.1 
C2 81r 600 50 5 304 4.1 
C2 600 50 5 294 39 
C2 600 0 5 300 40 
C2 600 0 0 294 39 
C2 600 50 0 294 39 
C2 600 150 5 294 39 
C3 600 50 5 300 40 
C4 600 50 5 300 40 
SI 600 50 5 304 4.1 
S2 600 50 5 300 40 
D1 600 50 5 300 40 
D1 600 50 5 212 28 
D1 600 50 5 08 01 
D1 600 0 5 294 3.9 
DI 600 150 5 294 39 
D4 600 50 5 304 41 
D2 600 50 5 294 39 
D3 600 50 5 30.4 41 
Electrolyle TBA (end of Cathode eff. LossofCr 
temp. ("C) plating cycle) (%) (%) !Deposit appearance 
RT 500 972 434 !FU\ly bnghl- some bum al bottom ed~e 
RT 294 98.1 562 Fully bn~ht· some bum at bottom edge 
RT 2.31 962 61 Fully bnght some matt cIrcles 
RT 2.71 853 92 Mostly matt some bnght 
RT 234 989 76 ~eml bn~ht/matt 
RT 244 964 00 ~U\lymatt 
RT 235 973 141 Perfectly fully bnght 
RT 727 823 83 lDark redlbrown rough powdery depoSIt 
RT 240 98.4 217 ~U\lybnmt 
45 257 955 394 ~eml bnght/matt 
RT 9.14" 95.7 na 5% bnght, 25% semI bnght 
RT 2.58" 95.4 na Fully matt 
RT 217" 961 504 FU\lymatt 
RT 309 956 6.7 FU\lymatt 
RT 191 987 191 ome bnmt mostly matt 
RT 191 972 254 Perfectly fU\ly bnght no matt areas 
RT 2.26 963 247 5% fully bnght, 5% matt 
RT 2.38 983 209 ome bnght mostly matt 
RT 2.19 966 35 Mostlv bnmt, some cIrcles of matt 
RT 2.03 992 161 Half bnght, half matt 
RT 2.08 968 128 !FU\ly matt 
RT 11.78" 980 na !FU\ly bnght, some semi bright areas 
RT 3.76 991 136 ~ulIymatt 
RT 2.30 98.7 19.1 ~O% matt, bnght at bottom 
RT 2.16 967 395 !Fully bnght WIth 2 large matt cIrcles 
RT 187 989 11.1 ~U\lv bn~ht WIth matt CIrcles 
Table 28. Ninety minute plating test - effect of L-ascorbic aCid 
Electrolyte - 120/225/variable 
Anode Stirrer Electrolvte Electrolyte L-aseorbic acid cone. (ell) 
code speed CI"(ppm) Carrier (%) temp. ("C) • Start End 
Cu· 600 50 5 RT 99 101 
C2 600 50 5 RT 25 07 
C2 600 50 5 RT 100 3.0 
C2 600 50 5 RT 296 106 
C2 600 50 5 RT 500 234 
C2 200 50 5 RT 10 I 5 I 
C2 none 50 5 RT lOO 53 
C2 aIr 600 50 5 RT 10 I 34 
C2 600 50 5 45 lOO 10 
C2 600 0 5 RT lOO 27 
C2 600 0 0 RT 102 39 
C2 600 50 0 RT 10.2 35 
C2 600 150 5 RT 10 I 3.2 
C3 600 50 5 RT 10.1 36 
C4 600 50 5 RT 99 40 
SI 600 50 5 RT lOO 37 
S2 600 50 5 RT lOO 33 
D1 600 50 5 RT 25 05 
D1 600 50 5 RT lOO 1.3 
D1 600 50 5 RT 300 33 
D1 600 0 5 RT lOO 08 
D2 600 50 5 RT lOO 25 
D3 600 50 5 RT 10 I 2.3 
D4 600 50 5 RT 10 I 2.8 
L-aseorbic acid Cathode eff. Loss of cr 
consumed (%) , (%) (%) Deposit appearance 
00 996 65.3 Rough dark depoSIt but adherent 
73.1 976 60 ~rufonn saltn matt 
704 976 75 ~rufonn saltn matt 
642 97.5 III Umform satm matt 
53 I 976 107 U mfonn sabn matt 
495 972 08 IShght burn 
47 I 713 42 !Rough burnt non·adherent deposIt 
662 991 64 Uruform satm 
904 763 47 Urufonn saltn 
72.7 987 n. lSeml bnghtlmatt deposIt 
61.5 967 n. Umfonn satm matt 
658 984 169 IShght bummg 
678 987 3.1 Urufonn satm matt 
641 995 58 Urufonn saltn matt 
594 997 6 I Urufonn satm matt 
632 994 53 UnIform satm matt 
669 997 77 Umfonn saM matt 
805 972 101 Urufonn satm matt 
87.4 99.2 79 Urufonn saltn matt 
88.8 974 19 Urufonn satm matt 
91.9 968 n. Urufonn saltn matt 
749 97.1 97 Urufonn saltn matt 
77.2 994 63 Urufonn saltn matt 
72.7 995 73 Urufonn sattn matt 
Table 29. Ninety minute plating test - control runs 
Electrolyte -120/225/variable 
Anode Stirrer Electrolyte Electrolyte Cathode eff. Loss of Cl' 
code speed cr(ppm) Carrier(%) 
Cu' 600 50 5 
C2 600 50 5 
C2 200 50 5 
C2 0 50 5 
C2 aIr 600 50 5 
C2 600 50 5 
C2 600 0 5 
C2 600 0 0 
C2 600 50 0 
C2 600 150 5 
C3 600 50 5 
C4 600 50 5 
SI 600 50 5 
S2 600 50 5 
DJ 600 50 5 
D2 600 50 5 
D3 600 50 5 
D4 600 50 5 
Abbreviations used in Tables 26-29 
* 80/225/50 electrolyte used 
temp. ("C) (%) 
RT 1000 
RT 97.3 
RT 990 
RT 764 
RT 985 
45 97.5 
RT 97.9 
RT 966 
RT 953 
RT 985 
RT 975 
RT 973 
RT 1000 
RT 97.5 
RT 988 
RT 1000 
RT 1000 
RT 992 
** electrolyte adjusted to 80/225150 + 5% carrier before analysis 
nd - none detected 
RT - room temperature 
(%) 
81 
65 
155 
273 
92 
510 
na 
na 
304 
1 1 
73 
64 
87 
0.0 
5.5 
130 
7.9 
134 
~eposit appearance 
Rou~h burnt but adherent 
!Umform satIn matt 
Umform satm matt some bumtng 
Burnt poorly adherent dePOSIt 
~mform sattn matt 
irlmform satIn matt 
Mostly uruform sattn matt 
Mostly uruform satin matt 
Umform satIn matt 
[Umform satm matt some roughness 
Uruform satIn matt 
Umform satIn matt 
~ruform satIn matt 
Uruform satIn matt 
Uruform satin matt 
~ruform satin matt 
Umform satin matt 
Uruform satin matt 
Table 30. Ninety minute plating test - effect of anode area on L-ascorbic acid 
consumption 
Electrolyte - 120/225150 + 5% carrier 
L-ascorbic acid cone.' 
(/I) 
Anode Electrolyte 
Anode area Stirrer temp. ("C) L-ascorbic acid Loss of er 
code (cm1) speed Start End consnmed (%) (%) 
C2 440 600 RT 10 01 297 704 194 
C2 330 600 RT 10.13 418 588 17.9 
C2 220 600 RT 1003 553 449 132 
C2 11.0 600 RT 1002 671 331 14.2 
C2 40 600 RT 1003 742 260 12.6 
D1 440 600 RT 1002 126 87.4 79 
D1 33.0 600 RT 994 213 786 798 
D1 220 600 RT 1003 401 60.0 13.7 
D1 110 600 RT 1004 535 46.7 00 
D1 40 600 RT 1002 563 43.8 316 
Table 27. Ninety minute plating test - effect ofL-ascorbic acid on BSDS consumption 
Electrolyte - 120/225/variable 
L-ascorbic acid L-ascorbic TBA(at 
Electrolyte Total BSDS BSDS dose Electrolyte cone. (gII) acid end or 
Anode Stirrer er Carrier added rate temp. ("C) consumed plating 
code speed (ppm) (%) (mgll) (mg/AhrI) Start End (%) cycle) 
Cu' 600 50 5 08 01 RT 99 99 00 2.9 
C2 600 50 5 08 0.1 RT 01 nd 23 
C2 600 50 5 08 01 RT 25 08 686 32 
C2 600 50 5 08 01 RT 41 1.1 73.2 3.7 
C2 600 50 5 08 01 RT 100 2.7 730 49 
C2 600 50 5 08 0.1 RT 300 99 67.1 46 
C2 600 50 5 08 01 RT 501 227 547 42 
C2 200 50 5 08 01 RT lOO 4.9 508 53 
0.1 
C2 none 50 5 08 RT 101 64 369 43 
C2 m 600 50 5 08 0.1 RT 101 45 553 47 
C2 600 50 5 08 01 45 100 09 906 41 
C2 600 0 5 08 01 RT 10.1 3.1 693 41" 
C2 600 0 0 08 01 RT 101 40 59.9 3.5" 
C2 600 50 0 08 0.1 RT 101 36 644 42" 
C2 600 150 0 08 0.1 RT 100 32 679 46 
Cathode Loss or Cl' 
eff. (%) (%) Deposit appearance 
980 67.7 Fullybnght 
97.0 191 Matt 
97.0 52 Seml-bnght WIth full bnght cIrcle 
Mostly fully bnght WIth senu 
970 69 bngbt CIrcles 
964 00 
~azy fully bnght WIth fully bnght 
lreles 
Fully bnght WIth mmor bnght 
974 24 ireles 
Mostly fully bnght WIth httle semI 
995 93 bnght 
97.0 11.9 Fullybnght 
Dark redlbum sludgy poorly 
773 244 dherent depOSIt 
992 72 MIrror bnght 
971 406 Seml-bnght 
99.6 na Matt 
983 na Matt 
967 36.2 Mattlbnght WIth step platmg 
972 00 Semi-brightlbngbt 
Table 31. Ninety minute plating test - effect of ageing on electrolytes 
Dav , 0 
Solution Solution iL 
number colour ~Acm-l) 
1 
2 
3 
4 
5 
6 
7 
8 
B 
B 
B 
vsGIB 
G 
B 
B 
vsGIB 
Abbreviations 
B -blue 
G-green 
v s - very slight 
d-dark 
257 
61 
10 
24_5 
82 
Solution 
colour 
B 
B 
B 
vsGIB 
G 
B 
B 
vsGIB 
* black particles in solution 
1 
" 
4' 
iL Solution iL Solution 
(Acm-
'
) colour (Acni') colour 
B B 
B B 
226 B 19_1 BrG 
68 G 70 G 
15 G 23 G 
B B 
212 B 199 BrG 
7.4 G 72 G 
7, 15 , 25 36 
iL Solution iL Solution iL Solullon iL 
(Acm-
'
) colour (Acm-, colour (Acm-' ) colour (Acm-' ) 
B B B 
B B B 
147 dG 123 dG* 137 dG* 105 
61 G 52 G" 60 dG" 59 
25 G 35 G 48 G 56 
B B B 
157 dG 128 dG" 140 dG" 111 
67 G 63 G* 61 dG* 81 
Table 32. Effect of carrier and chlonde on anodlc oxygen efficiency 
80/225/50 + 5 % carrier 801225/50 801225/0 + 5% 801225/0 
Electrolyte carrier 
Oxygen Loss of Oxygen Loss of Oxygen Loss of 
efficiency chloride efficiency chloride efficiency chloride 
Anode code (%) (%) (%) (%t (%) (%) 
C2 909 00 97.1 205 86 I 982 
C3 923 323 923 6.1 89.2 916 
C4 920 207 938 348 905 949 
SI 960 122 888 299 93.4 94.7 
S2 912 488 934 250 89.6 93.1 
DI 909 130 927 380 929 93 I 
D2 920 199 892 496 846 93 I 
D3 986 120 907 409 934 944 
D4 868 274 868 29.1 888 896 
Table 33. Effect of carrier and chlonde on brightener consumption as determined 
using the 10113 minute Hull cell test 
Bum/matt on Hull cell panel (after further 
Anode Chloride Carrier 3 minutes at 3A with Cu anode) 
Code (ppm) (%) TBA (after 10 minutes at 3A) (%) 
Cu 50 5 153 23 
C2 50 5 34 lOO 
C4 50 5 27 lOO 
D1 50 5 34 lOO 
S2 50 5 26 lOO 
PbO, 50 5 36 lOO 
Cu 50 0 145' 25' 
C2 50 0 30' lOO' 
C4 50 0 26' lOO' 
D1 50 0 29' lOO' 
S2 50 0 2.7' lOO' 
PbO, 50 0 36' lOO' 
Co 0 5 17.3" 23** 
C2 0 5 102" 37" 
C4 0 5 11.4" 34** 
D1 0 5 74" 34" 
S2 0 5 109" 32** 
PbO, 0 5 39" 100*· 
Co 0 0 175'" 27*** 
C2 0 0 10 S'" 3S'" 
C4 0 0 11 6*** 35'" 
D1 0 0 93*** 30*** 
S2 0 0 79*** 36'" 
PbO, 0 0 37*** 100'" 
* Analysis performed after adding 5% carrier 
** Analysis performed after adding 50ppm chloride 
*** Analysis performed after addmg 5% carrier and 50ppm chloride 
Table 34. Effect of chloride on brightener consumption as determined using the 10/13 
mmute test with anode C2 (analysIs performed after adding chloride to make 50ppm 
as appropriate) 
TBA (after 10 minutes at 3A) 
0 102 37 
5 27 50-lOO 
\0 36 37-100 
25 3.6 lOO 
50 34 lOO 
Table 35. Effect of sacrificial species on brightener oxidation by HuIl ceIl 
AnodeC2 
Burn/matt area on Hull cell after 10 minutes '%) 
Concentration 
k::ompound 20gIJ 4gIJ 500mgIJ 100mgIJ 50mgIJ 20mgIJ lOmgIJ Smg/I 
r-.asCOrbIC aCId 45 51 68 
~.7-
Plhdroxynaphthalene 53 
Fructose 99 
iHydroxylamme 
ulphate 42 49 
Table 36. Effect of sacrificial species on brightener oxidation by HuIl cell 
AnodeC4 
Burn/matt area on Hull cell after 10 minutes %)" 
Concentration' 
Compound 20gIJ 4g/l SOOmg/l 10Omg/l 50mg/l 2Omg/l 10mg/l Smg/l 
39 70 
Lrascorbic acid 40 37(48) (50) (50) 
2.7-
D,hdroxynaphthalene 43(42) 
Fructose 67(55) (82) 
iHydroxylanune 
ulphate (38) 45 (49) 65 
Img/l' 
90 
, Img/l 
70 
(70) 
Values in brackets are for single sided anode. those without are for the standard 
double sided anode 
Table 37. Effect of sacrificial species on brightener oxidation by Hull cell. 
AnodeS2 
Burn/matt area on Hull cell after 10 minutes '%) 
!concentration 
Compound 20g/l 4g/l 500mgIJ 10Omg/l 50mg/l 20mg1J 10mg1J Smg/l 
lrascorblc acid 55 98 
12-7-
Plhdroxynaphthalene 45 44 
Fructose 100 
Hydroxylamine 
ulphate 20 40 100 
'lmg/l 
Table 38. Effect of sacnficlal species on brightener oxidation by Hull cell 
AnodePb~ 
Burn/matt area on Hull cell after 10 minutes %) 
~ncentration 
Compound 20g/l 4g/1 500mg/l 100mg/l 50mgll 20mg/l 10mg/l 5mg11 
lrascorbtc aCid 50 96 
~.7-
Dlhdroxynaphthalene 49 98 
fructose 100 
Hydroxylanune 
ulphate 38 40 75 
Table 39. The detection of 50mgll BSDS and MPS by HPLC 
Electrolyte 10% sulphuric acid 801225150 + 5% carrier 
Retention time Area counts Retention time Area counts 
Compound (minutes) (minutes) u 
BSDS 51 29.3 51 299 
MPS 4.4 163 51 277 
Img/l 
Table 40. Thirty minute plating test - effect of anode type on BSDS consumption rate 
Electrolyte - 80/225/50 + 5% carrier 
5Oml!ll BSDS added at start 10Oml!ll BSDS added at start 
BSDS BSDS ' 
consumption consumption 
rate rate 
Anode code E.~ (V vs SCE) , (mg/Ahrl) Eall (V vs SCE) (mg/Ahrl), 
Co 043 35 046 40 
C2 205 149 194 21.2 
C3 1.65 17.9 1.63 22.5 
C4 238 17.3 234 27.3 
SI 183 160 184 21.7 
S2 207 >209 190 286 
D1 2.55 >209 247 317 
D2 192 182 202 26.3 
D3 188 >188 188 23.3 
D4 1.94 >192 2.18 230 
M2 1.90 183 
M3 215 212 
PbD, 210 >200 227 >407 
> indicates that the consumption rate was greater than the shown value i e. no BSDS 
was detected by HPLC on a sample of the electrolyte at the end of the plating cycle 
Table 41. Thirty minute plating test - effect of applied current, chloride and carrier on 
BSDS consumption rate 
Electrolyte - 80/225/variable 
BSDS - 50mg/l added at start 
Anode-C2 
Electrolyte 
Anodic , BSDS 
Applied current consumption 
current densi~ rate 
(A) (Adm· ) Cr(oom) Carrierl%' E ttD (V vs SCE) (mglAhrl) 
10 23 50 5 1 13 10.1 
2.5 57 50 5 163 131 
50 114 50 5 205 149 
75 17.1 50 5 196 184 
100 228 50 5 202 193 
10 23 50 0 146 100 
25 5.7 50 0 161 115 
50 114 50 0 169 158 
75 17.1 50 0 189 159 
100 228 50 0 210 200 
10 2.3 0 5 1.42 6.6 
25 5.7 0 5 168 54 
50 11.4 0 5 1.77 78 
7.5 171 0 5 216 9.3 
100 228 0 5 230 111 
10 23 0 0 144 101 
2.5 57 0 0 162 93 
50 11.4 0 0 178 134 
7.5 17.1 0 0 196 139 
lOO 228 0 0 212 163 
Table 42. Thirty minute plating test - effect of anode area on BSDS consumption rate 
Electrolyte - 80/225150 + 5% carrier 
BSDS - 100mg/l added at start 
Anode-C2 
Anode BSDS 
current consumption 
~~earea rnsi~ rate 
cm') Adm·i ) E_. (V vs SCE) (m;'Ahrll 
44.0 11.4 194 212 
220 228 2.04 124 
14.7 342 214 106 
110 456 219 92 
5.5 91.2 262 86 
Table 43. Thirty mmute plating test - effect of anode area on BSDS consumption rate. 
Electrolyte - 80/225/50 + 5% carrier 
BSDS - lOOmg/l added at start 
Anode BSDS 
current consumption 
Anode area densitr, rate 
Anode code (cm') (Adm·') E~n (V vs SCE) (ml!lAhrl) 
C2 44.0 11.4 194 212 
C2 220 228 204 124 
C4 440 11.4 234 273 
C4 22.0 228 260 270 
S2 440 114 1.90 28.6 
S2 220 228 213 183 
PbO, 440 11.4 2.27 >407 
PbO, 220 22.8 271 >40.7 
Table 44. Thirty minute plating test - effect of carrier and chloride on BSDS 
consumption rate 
Electrolyte - 80/225/variable 
BSDS - 50mg/l added at start 
Anode-C2 
Electrolyte 
cr (pl'm) Carrier (% E~u (V vs SCE) 
50 00 169 
50 25 174 
50 50 205 
50 125 172 
50 200 1.92 
0 00 169 
0 2.5 200 
0 50 1.77 
0 125 169 
0 200 150 
0 50 1.77 
I 50 1.79 
5 50 180 
10 50 189 
20 50 1.76 
35 50 183 
50 50 205 
lOO 50 182 
BSDS consumption rate 
(mgfAhrl) 
158 
200 
149 
136 
115 
134 
78 
78 
66 
46 
78 
89 
109 
111 
123 
148 
149 
22.0 
Table 45. Thirty minute plating test - effect of sacrificial species on BSDS 
consumption rate 
Electrolyte - 80n25150 + 5% carrier 
BSDS - lOOmg/l added at start 
Anode-C2 
Sacrificial species 
Sacrificial species roncentration 
None na 
~ascorblc aCId 20mg/l 
L-ascorbic aCId 20g/l 
lrasCOrblC aCid 88g/l 
2.7-DlhydroxvoaphthaJene 5mg/l 
2,7-Dlhydroxynaphthalene 20mg/l 
2,7-DlhydroxynaphthaJene 100mg/l 
Fructose 2Omg/l 
Fructose 20g/l 
Fructose 90g/l 
Hydroxylamme sulEhate 20mg/l 
Hydroxylamme sulphate 20g/l 
Hydroxylanune sulphate 82g/l 
Iron (lI) SUlphate pentahydrate 20g/l 
BSDS 
consumption 
E..n , rate 
(V vs SCE) ('"dAhrl) 
194 21.2 
177 226 
184 89 
174 74 
1.69 173 
180 83 
160 33 
1.76 237 
1.82 184 
167 14.7 
180 180 
203 17.1 
193 168 
183 125 
Table 46. Thirty minute plating test - effect of sacrificial species on BSDS 
consumption rate 
Electrolyte - 801225150 + 5% carrier 
BSDS - l00mgll added at start 
Anode code Sacrificial species 
C2 none 
C2 i.rascornlc aCid 
C2 2,7-DIhydroxynaphIhalene 
C2 Fructose 
C2 Hydroxylamme sulphate 
C2 Iron (m sulphate pentahydrate 
C4 none 
C4 L-ascorbtc aCid 
C4 2,7-DIhydroxynaphthalene 
C4 Fructose 
C4 HydroJ<}'lamme sulphate 
C4 Iron (m sulphate pentahydrate 
52 none 
52 L-ascorbtc aCid 
52 2,7-DIhydroxynaphthalene 
52 Fructose 
52 HydroJ<}'lamme sulphate 
52 Iron (\I) sulphate pentahydrate 
PbO, none 
PbO, lrascorblc aCid 
PbO, 2,7-Thhydroxynaphthalene 
PbO, Fructose 
Pbo, Hydroxylamme sulphate 
Pbo, Iron (\I) sulphate pentahydrate 
Sacrificial species E"" 
concentration ' l(VvsSCE) 
1.94 
20glt 184 
2Omg/l 180 
20g/l 182 
2,0g/) 203 
2,Og/l 183 
230 
20g/) 240 
2Omg/l 231 
20g/l 221 
2 0gIl 261 
2 0gIl 230 
238 
20g/) 208 
20m~_ 196 
20g/l 198 
20g/l 212 
20g/l 196 
227 
20g/) 208 
2Omg/l 221 
20g/l 203 
20g/) 211 
20g/l 
BSDS 
consumption 
rate 
(UlI1Ahrl) 
21.2 
89 
83 
184 
17.1 
125 
27.3 
87 
149 
171 
280 
113 
286 
211 
130 
252 
24.7 
222 
>40.7 
320 
251 
>404 
427 
Table 47. Thirty minute plating test - effect of L-ascorbic acid, chloride and carrier on 
BSDS consumption rate 
Electrolyte - 80/225/variable 
BSDS - lOOmg/l added at start 
Anode-C2 
Electrolyte nSDS 
consumption 
Carrier L-ascorbic acid E..u rate 
Cr(nnm 1%) cone. (gII) (V vs SCE) (mglAbrl) 
50 5 0 194 212 
50 5 2 184 89 
50 0 0 173 17.3 
50 0 2 182 10.5 
0 5 0 188 14 I 
0 5 2 187 10.7 
0 0 0 1.79 136 
0 0 2 161 108 
Table 48. Thirty minute plating test - effect of L-ascorbic acid, chloride and carrier on 
BSDS consumption rate 
Electrolyte - 80/225/variable 
BSDS - lOOmg/l added at start 
Anode-C4 
Electrolyte BSDS' 
consumption 
Carrier L-ascorbic acid £"" rate 
cr (I>pm (%) cone. (gII) (V vs SCE) (mglAbrl) 
50 5 0 234 273 
50 5 2 240 8.7 
50 0 0 222 208 
50 0 2 244 92 
0 5 0 226 172 
0 5 2 2.27 113 
0 0 0 2.15 197 
0 0 2 208 122 
Table 49. Thirty minute platmg test - effect of L-ascorbic acid, chloride and carrier on 
BSDS consumption rate 
Electrolyte - 80f22Sfvanable 
BSDS - l00mgfl added at start 
Anode-S2 
Electrolyte BSDS 
consumption 
C(~rier L-ascorbic acid E..u rate 
Cr(ppm\ 'ID) cone. (gIl) (V vs SCE) (mglAhrl) 
50 5 0 207 286 
50 5 2 208 21 I 
50 0 0 191' 218 
50 0 2 1.95 194 
0 5 0 199 146 
0 5 2 190 140 
0 0 0 208 150 
0 0 2 204 128 
Table SO. Thirty minute plating test -effect ofL-ascorbic acid, chloride and carrier on 
BSDS consumption rate 
Electrolyte - 80f22Sfvariable 
BSDS - lS0mgfl added at start 
Anode-Pb02 
Electrolyte BSDS 
consumption 
Carrier L-ascorbic acid E..n rate 
cr (pI'J1l) (%) cone. (gIl) (V vs SCE) (mg/Ahrl) 
50 5 0 2.10 56.1 
50 5 2 208 32.0 
50 0 0 205 584 
50 0 2 
0 5 0 2.17 454 
0 5 2 216 17.8 
0 0 0 204 550 
0 0 2 215 197 
-Table 51. Thirty minute plating test - effect of electrolyte and anode type on carrier 
consumption. 
Electrolyte - 80/225/variable + 5% carrier 
A~~de~ode , cr (nnm)~ Carrier co nsumed(%) 
C2 50 52 
C2 0 3 17 
C4 50 00 
C4 0 1 70 
S2 50 2.5 
S2 0 441 
PbO, 50 1 47 
PbO, 0 2 85 
Table 52. The oXidation of BSDS in a sulphuric acid electrolyte 
d Electrolyte - 225g/l sulphunc aci 
BSDS - 50mg/l added at start 
Anode-C2 
Chloride 
conc.(ppm) 0 6 12 30 
, - -
", '/ , 
_" BSD S concentration ( "' ,,, ~ 
0 439 420 369 38.0 348 322 
50 516 426 374 352 282 24.3 
BSDS_ 
consumption; , 
rate (mgI Ahrl) 
4.7 
109 
Table 53. Electrochemlcal data for the oxidatIon of water and chloride 
Base electrolyte - various 
Anode - various RDE 
Program- EL2001 
Electrolyte 801225/50 +5 % carrier, 
~ , I, '0 
/"~ " ,E01' ; ~ ha ~" ~ ~ ~ Ec...\ H 'b~ 
Anode code (V vs SCE),' (mV 1 dee) (V vs SCE)' (mV 1 dee) 
C2 1.31 89.5 124 (?) 1204('1) 
C4 1.73 176.7 1 16 2100 
S2 1.27 699 1.16 64.3 
mwoe - merges With oxygen evolution wave 
mwoe 
17.9 
103 
Table 54. Electrochemical data for the oxidation of BSDS and L-ascorbic acid 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - Various RDEs 
Program - EL2001 
Organic", , , . .' 10gll BSDS. : .• ,:: ; 
,,', " ; i,l~~L-as~orbi,~£~d 
I " species; 
" 
,~ , ", ~ ,,' +' \_~ "-'U:f~' ' ~~""" r v¥~ "~, ;' ,t; if ,:",0, Jt~\", ~', , i!';'i ;,~, 
, , , , , 
. 
" 
. , 
, -.., ~.;:::! " 
.,.,. " ;;\ ~ t, 'I "~ ,i: 
" 
" 
, 
';, b i <:' ~ ~ri'ic!dd <, 
' , 
" 
EBSDs~ t:; ::iL~ ::; b't v-- ~~ ,~'riL'<" ~ 
'- 8, if 
(rltV tlec) Anode code ·(Vvs SCE) (mV/dee) : (mAcro',,)' ',N'vs SCE) , (mAcili' ) 
C2 104 1703 45 037 207.5 315 
C4 102 3340 176 056 421.3 379 
S2 099 135.8 26 035 153.7 251 
------------...... 
Table 55. Electrochemical data for the oXidation of BSDS and L-ascorbic acid 
Base electrolyte - 80/225150 + 5% carrier 
Anode - Various RDEs 
Program - EL2001 
Organic lOgllHAS ' , lOgll Fructose 1,' \",' , " , , " '7! ." 
,'l 
19l1DHN, 
species , v,~ ~, ,.: ' " < ,,~,'"":}-, ;c' : , ','y " 
" , ' ~" , 
, , 
" , " , , , 
" 
, 
, 
, , ~ t f ' ~ ~ 2 '" 4 , , 
EHAS , r~' b.', ;-~ , : iL' ~: I EF~~';' \ :\ "b~;\.' , 
\ ~, , 
Anode I, iL<~" • , E"HN~: ~ ~ b.~, 
code (V vs SCE) I (mV Idee) (niAcm") I(Vvs SCE) (mV Idee), (niAcm::) l<YvsSCE) l(mV Idee) 
C2 1.10 2782 mwoe No wave detected 0.7 279.0 
L J 
C4 0.87 285.7 125 No wave detected na na 
I I 
S2 088 2676 708 087 I 821 0 I 0.3 na na 
, 
" 
, 
, 
, iL 
I (mAcm") 
18 
na 
na 
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Figure 2. Schematic diagram of an HDI board (after J. Fjelstad4) 
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Figure 4. Energy ban-ier in cop per elec trodepos ition (after Wilcox and Gabe5) 
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Figure 5. Ideali zed potenti al (E) versus current (I) plot for the copper deposition 
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Figure 6. Schematic of a hori zontal e lectrop laling machine utilizing solu ble anodes 
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Figure 7. Theoretical mechanism of organi c additives producing a bright deposit 
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Figure 8. Lines of flux between an anode and cathode (after Pletc her and Walsh l9) 
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Figure 9. Schematic of a horizontal elec lrop lating machine util izing insol uble anodes 
Insoluble anode 
2H,O 
'\. 
C ul+ + 2e~ ~ CUD 
(pC B) 
Figure 10. Po lari zalion curves for various anode materials in I M sulphuric acid al 
25°C (afler Pe liegri 75) 
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Figu re 11. Corros ion rate of RU,Jrl.,0 2 mi xed oxides at I Acn,-2 in O.SM sulphuric 
acid as a function of co mpos ition x (after K OLZ and Stuck.i38) 
2.00 ··r---------------------------------------------------~ 
1500 
-;:-
• 
• .~ 
• E 1000 
= 
.. 
~ 
a 
500 
oL-___ ~~=========_ __________ _J 
1.0 '.9 0." 0.7 '.6 '.5 0.4 '.3 0.2 '.1 ••  
Composit ion x 
Figure 12. Effect of acti vation and heat treatment on the anodic polari zaLio n of an 
iridium dioxide anode in O.S M sulph uric acid (after Vukovic41 ) 
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Figure 13. Effect of ruthenium dioxide annealing temperature on Tafel slope (after 
Melsheimer and Ze igle r42) 
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Figure 14. The effec t o f cobalt on the oxygen evolution reac tion using a lead diox ide 
anode (after Koch59) 
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Figure 15. The Hull cell (after Gardner Foulke and Crane70) 
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Figure 16. Electrochemical cell used in Ihi sludy (shown wi th spade electrode) 
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Figure 17. Insoluble anodes versus soluble anodes lifesludy. Brightener delermination 
by TBA 
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Figure 18. In 
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Figure 19. Insoluble anodes versus soluble anodes lifestudy. Carrie r concentra ti on 
16 ~-----------------------------------------------------, 
" 
\ -+- Soluble anodes -6- lasoIuble anodes 
10 
, 
oL-____________________________________________ -J 
o 20000 
"""'" 60000 80000 100000 
Oath age (Ahr) 
Figure 20. Inso luble anodes versus so luble anodes lifestudy. Chloride concentration 
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Figure 2 1. Insoluble anodes versus soluble anodes li festudy. M ax imum elongation 
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Figure 22. Insoluble anodes versus soluble anodes lifestudy. Max imum tensile 
strength 
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Figure 23. Insoluble anodes versus soluble anodes lifestudy. Mean of all cracks 
(0.9111111 holes) 
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Figure 24. Insoluble anodes versus soluble anodes li fes LUdy. Mean of type 3-5 corner 
cracks (O.9mm ho les) 
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Figure 25. Inso lu ble anodes versus soluble anodes lifestudy. Mean of all corner cracks 
(O. 34mm holes) 
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Figure 26. Insoluble anodes versus soluble anodes li feslUdy. Mean of lype 3-5 corner 
cracks (0.34mm holes) 
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Figure 27. Insoluble anodes versus soluble anodes Ii fesludy. Hole centre thickness 
(O.9mm holes) 
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Figure 28. Insoluble anodes versus so luble anodes li fesLUdy. Hole centre thickness 
(O.34mm holes) 
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Figure 29. M inimum brightener dose rates required producing bright deposits 
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Figure 30. The effect of anode composition on oxygen evolution pOlelllial 
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Figure 31. The effect of anode composition on the Tafel slope for oxygen evolution 
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Figure 32. T he effect of anode composiLion on chloride oxidation poteJ1lial 
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Figure 33. The effect of anode compos ition on the Tafel slope chloride ox idation 
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Figure 34. The effect of anode compo iuon on the li miting current for ch loride 
oxidation 
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Figure 35. The effect of anode compos ition on the Tafel slope for BSDS oxidation 
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Figure 36. The effect of anode composition on the limiting cu rrent for BSDS 
ox idation 
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Figure 37. The effect of electrolyte and anode composi tion on the Tafel slope for 
BSDS oxidation 
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Figure 38. The effect of electrolyte on the limiting currel1l fo r BSDS ox idation 
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Figure 39. Relationship between redox potential and functionality of inorganic 
additives to reduce brightener consumption 
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Fi gure 40. Limits of func tionality o f sacrili cial species as determined by the 
2/ I 0 minute Hu ll cell test 
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Figure 4 1. Ninety minute plating test - effect of L-ascorbic acid on brightener 
consumpti on by TBA 
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Figure 42 . Ninety minute plati ng test - effec t of anode type on TBA 
12.0 
0 30mgII BSDS 
10.0 
. O.8mw'1 BSDS + tOWl L·IISC()rbic add 
8.0 
< 
= 6.0 ;-
'.0 
2.0 
0.0 
Cu Cl CJ c. S I S2 III DJ 1)4 
Anodt code 
Figure 43 . Ni nety mi nute plating test - effec t o f anode type on L-ascorbic acid 
consumption 
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Figure 44. Ninety minute platin g tes t - effect of electrolyte ag itation on brightener 
consumption by TBA 
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Figure 45. Ninety minute plating test - effect of electrolyte temperature on TBA 
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Figure 46. Ninety minute plating test - effect of electrolyte on bri ghtener consumption 
byTBA 
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Figure 47. Ninety minute plating test - effec t of electrol yte on brightener consumption 
by TBA 
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Figure 48. Ninety minu te plating tes t - effect of initi al L-ascorbic ac id concentration 
on L-ascorbic acid consumed 
Anode - C2 
~ 
]oo.o ~---------------------------------------------------------, 
80.0 
--.. -
.. - oo RSl S"I 
6 - OJlmWI BSDS 
j 60.0 
40.0 '-________________________________________________________ ..J 
0.0 10.0 20.0 30.0 ' 00 so.o 60.0 
Inithl l L-asco rbic :Icid conc. (gIl) 
Figure 49. inety minute plating test - effect of anode area on L-ascorbic acid 
consumption 
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Figure 50. Ninety minute plating rest - effect of electrolyte agi tation on L-ascorbic 
ac id cons umption 
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Figu re 5 1. Ninety minute plating test - effect of electrolyte temperature on L-ascorbi c 
acid consumption 
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Figure 52. Ninety minute plati ng test - effect of electrolyte on L-ascorbic acid 
consumpLion 
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Figu re 53. Ninety minute plating test - effect of electrolyte agitation on loss of 
chloride 
Anode - C2 
~O ~----------------------------------------------------~ 
60.0 
o 200 
• No additives 
D IOWI L-uoorllk_ 
o 30I11III BSDS 
0 0.8I11III BSDS + IOWI L-uoorIIk _ 
600 600 + air 
S lirrer setting 
Figure 54. inety minute plating te t - effect of anode type on loss of chloride 
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Figure 55. inety minute plating test - effect of electrolyte on chloride loss 
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Figure 56. Ni nety minute plating tes t - effect of e lectrolyte temperalllre on c hloride 
loss 
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Figure 57. Ni ne ty mi nute plating test - e ffect of anode area on chloride consumption 
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Figure 58. Ninety minute plating test - effect of electrolyte agitation on cathode 
effi ciency 
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Figure 59. Ninety minute plating test - electrolyte colour change experiment 
Change in limiting current for L-ascorbic acid ox idation with time 
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Figure 60. Effect of electrolyte on anodi c oxygen evolution efficiency using various 
anodes 
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Figure 6 1. Effect of electrolyte on chloride loss during oxygen effi ciency ex periments 
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Figure 62. Effect of carrier and chloride on BSDS consu mption as determined usi ng 
the 10113 minute Hull cell test 
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Figure 63. Effect of carrier and chloride on BSDS consumption as determi ned using 
the 10113 minute Hull cell test 
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Figure 64. Limits of Fu ncti onality of sac liFicial species on various anodes 
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Figure 65. Thirty minute plating test - effect of anode type on BSDS consumption by 
HPLC 
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Figure 66. The effect of anode compo ition on BSDS consumption rate 
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Figure 67. Thirty minute plating te t - effect of anode type on cell potenti al 
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Figure 68. Thirty minute plating test - effect of electrolyte and current density 
(adj usted by applied current) on brightener consumpLi on 
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Figure 69. Thirty minute plating test - effect of anode current density (adjusted by 
anode area) on BSDS consumpLion 
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Figure 70. Th irty minute plating test - effect of anode current density on BSDS 
consumption 
Anode - C2 
lO.O ,------------------------, 
".0 
.. 
~.. Current dtllSity adjusted by aDOde areII 
-6 CUrnnt density adjusted by appUed aarrent 
I 
: /. .... ............. .. 
0.0 L... ________________________ .....J 
0.0 20.0 40.0 60.0 80.0 100.0 
Anode current d~lIsity (Ad m'1 
Figure 7 1. Thirty minute plating test - effect of anode current density (adj usted by 
anode area) on BSDS consumption 
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Figure 72. Thirty minute plating test - effec t of electrolyte and current density 
(adj usted by app li ed curre lll) on cell potentia l 
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Figure 73. Thirty minute plating test - effect of carri er and chloride on BSDS 
consumption 
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Fi gu re 74. Thirty minute plating test - effect of carri er and chloride on cell potential 
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Fi gure 75. Thirty minute plati ng test - effect of chloride on BSDS consumption and 
cell potential 
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Figure 76. Thirty minute plating test - effec t of sac rificial species on BSDS 
consumption 
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Figure 77. Thirty minute plating test - effect of 2,7-dihydroxynaphthalene on BSDS 
consumption 
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Figure 78. Thirty minute plating test - effect of acrificial species on cell potelllial 
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Figure 79. Thirty minute plating test - effect of2 ,7-dihydroxynaphthalene on ceLl 
potential 
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Figure 80. Thiny minute plating le l - effecl of sacrificial species on BSDS 
consumption using various insoluble anodes 
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Figure 8 1. Thirty minute plating lest - effect of sacrificial species on cell pOlenlial 
using various in ol uble anodes 
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Figure 82. Th irty minute plaling test - L-ascorbic acid on BSDS consumplion using 
vari ous electrolytes 
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Figure 83. Thirty minute plating test - effect of L-ascorbic acid on BSDS consumption 
rate using various electrolytes 
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Figure 84. Thirty minute plating test - effect of L-ascorbi c acid on BSDS consumption 
rate using various electrolytes 
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Figure 85. Thirty minute plati ng tes t - e ffec t of L-ascorbic acid on BSDS consumption 
rate using various eleclrolytes 
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Figure 86. Thirty minute plating test - effect of ini tial BSDS concentration on BSDS 
consumption rate 
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Figure 87. Thirty minute plating test - effect of L-ascorbic acid on cell potential using 
various electrolytes 
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Figure 88. Thirty minute plating test - effect of L-ascorbic acid on cell potential using 
various electrolytes 
Anode - C4 
3.0 .----------------------------, 
2 .~ 
1.0 L.....L._~ 
801225/50 + 5% cll rrier 801225/50 
o No additives 
80122510 + 5% cH rrier 
Electrolyte 
80122510 
Figure 89. Thiny minute plating test - effect of L-ascorbic acid on cell potential using 
various electrolytes 
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Figure 90. Thiny minute plating test. Effec t of L-a corbic acid on cell poten ti al us ing 
various electrolytes 
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Figure 9 1. Thirty minute plating test - effec t of ch loride and anode type on carrier 
consumption 
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Figure 92. Thirty minute plating test - the effect of chloride on BSDS consumpti on in 
22Sgl1 sulphuric acid 
Anode - C2 
~.o ~--------------------------------------------------~ 
".0 
' " . 
30.0 
' .. • .. Opp. Cl • BSOS CDIK'. 
-6-SOpp. C!. BSDS COIK._ 
.--.. .. _" .. .. . • .. . ... 
. . . 
. ..• .. ... 
"0."0 . .. 
20.0 L-___________________________ -' 
o 10 
" 
10 30 
Plating time (minult$) 
VOLTAMMETRIC SCANS 
Scan I . The anod ic ox idation of various brighteners 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - Pt (RO E) 
Program - PTOX 
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Scan 2. The anodic ox idation of vari ous bri ghteners 
Base electrolyte - 80/225/50 + 5% carri er 
Anode - PI (ROE) 
Program - PTOX 
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Scan 3. The anod ic ox idation of various brig hteners 
Base elec u'o lyte - 801225150 + 5% carrier 
Anode - Pt (RO E) 
Program - PTOX 
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Scan 4. The anod ic oxidation of va rious brighteners 
Base electrolyte - 801225/50 + 5% carri er 
Anode - Pt (ROE) 
Program - PTOX 
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Scan 5. T he anodic ox idalion of BSDS 
Base electrolyle - 80/225/50 + 5% carri er 
Anode - Cu (spade) 
Program - SOLlDOX3 
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Scan 6. The anodic ox idation of BSDS 
Base electro lyte - 80/225/50 + 5% carrier 
Anode - C2 (spade) 
Program - SOLlDOX3 
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,., r--------------------------, 
La 
I.' 
:.: 1.0 
0.' 
oo C::==============---1 
1.(XlE..()6 ! .OOE·05 1.00E-04 U10E-03 
Lug i (ACIIl'l ) 
1.00E-02 I.OOE-O I 1.0013.,..00 
l 
Scan 7. The anodic ox idation of BSDS 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - S2 (spade) 
Program - SOLlDOX3 
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Scan 8. The anodic oxidation of BSDS 
Base electrolyte - 80/225/50 + 5% carri er 
Anode - D I (spade) 
Program - SOLlDOX3 
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Scan 9. The anodic oxidaLion of BSDS 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - Pb02 (spade) 
Program - SOUDOX3 
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Scan 10. The anodic ox idati on of va rious concentrat ions of BSDS 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - S2 (spade) 
Program - SOLlDOX I 
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Scan 11 . The anodic ox idation of BSDS in the presence of ' Redox couples' 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - M I (s pade) 
Program - SOLLDOX I 
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Scan 12. The anodic oxidation of some prospective sacrificial species (O.5M) 
Base e lectrolyte - 225g/1 sulphuric acid 
Anode - M2 
Program - SOLlDOX2 
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Scan 13. The anodic ox idation of some prospecti ve sacrificial species (O.5M) 
Base electrolyte - 225g/1 sulphuric ac id 
Anode - M2 
Program - SOLIDOX2 
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Scan 14. The anodic ox idation of some pros pective sacrificial species (O.5M) 
Base elec trolyte - 225g/1 sul ph uric ac id 
Anode - M2 
Program - SOLlDOX2 
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Scan IS. The anodic oxidation of some prospective sacrificial spec ies (O.SM ) 
Base electrolyte - 22Sg/l sulphuric acid 
Anode - M2 
Program - SOUDOX2 
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Scan 16. The anodic ox idati on of some prospective sacrificial species (O.SM) 
Base electrolyte - 22Sg/l sulphuric acid 
Anode - M2 
Program - SOUDOX2 
~ r-----------------------------------------, 
~ 1.5 
ii 
~ 
- No IIddIdwes 
- GIyanJI pn>p>.ylole 
I,-"ic odd Iron (11) .... 
- I,-"ic odd ""'_ .... 
D-IowKoIbk odd 
'---------------' 
~ +::=== ••• 
'" 1.0 ~ 
.0 t:::::::::::::::::==~::::~~~::~~ ______________ -1 
1.00E-06 l.ooE-05 I.00E-04 I .OOE-03 
Log i (Acoi1 
1.<X)E-02 I.00E-0 1 I.OOE+OO 
Scan 17. The anodic ox idation of some prospective sacrifi cial species (O. 5M) 
Base electrolyte - 225g!1 sulphu ric acid 
Anode - M2 
Program - SOLLDOX2 
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Scan 18. The anodic ox idation of L-ascorbic ac id 
Base electrolyte - 225g!1 sulphuric acid 
Anode - various (spade) 
Program - SOLlDOX2 
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Scan 19. The anodic oxidation of oxalic acid 
Base electrolyte - 225g/1 su lphuric acid 
Anode - various (s pade) 
Program - SOUDOX2 
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Scan 20. The effect of L-ascorbic ac id on the anodic oxidation of BSDS 
Base electrolyte - 801225/50 + 50/0 carrier 
Anode - C2 (spade) 
Program - SOLiDOX2 
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Scan 21. The effect of HAS on the anodic ox idation of BSDS 
Base elec trolyte - 80/225/50 + 5% carrie r 
Anode - C2 (spade) 
Program - SOLlDOX2 
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Scan 22. The effect of formaldehyde on the anodic oxidation of BSDS 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - C2 (spade) 
Program - SOLlDOX2 
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Scan 23. The anodi c ox idation of chlori de 
Base e lectrolyte - 80/225/0 
Anode - Pt (RD E) 
Program - PT2001NR 
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Scan 24. The effect o f carrier on the anod ic ox idation of chloride 
Base electrolyte - 80/22510 
Anode - Pt (RDE) 
Program - PTIOO I NR 
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Scan 25 . The effec t of carri er and chloride on the anod ic oxidation of BSDS 
Base electrolyte - 80/225/0 
Anode - Pt (RDE) 
Program - PT200 I NR 
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Scan 26. The effect of carrier and chloride on the anodic ox idation of MPS 
Base e lectrolyte - 80/225/0 
Anode - Pt (R DE) 
Program - PT2001 NR 
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Scan 27. The anodic oxidation of chloride using insoluble anodes 
Base electrolyte· 80/22510 
Anode· C2 (ROE) 
Program · EL200 I 
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Scan 28. The anod ic ox idation of ch loride using insoluble anodes 
Base electrolyte · 80/22510 
Anode - C4 (ROE) 
Program· EL200 I 
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Scan 29. The anodic oxidation of chloride using insoluble anodes 
Base elec trolyte - 80/225/0 
Anode - S2 (R DE) 
Program - EL200 I 
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Scan 30. The effect of L-ascorbic acid on the anodic oxidation of BSDS 
Base electrolyte· 80/225/50 + 5% carri er 
Anode · C2 (RDE) 
Program · EL200 I 
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Scan 3 I. The effect of L-ascorbic acid on the anod ic ox idation of BSOS 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - C4 (RO E) 
Program - EL200 I 
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Scan 32. The effec t of L-ascorbic ac id on the anodic ox idation of BSOS 
Base electrolyte - 80/225/50 + 5% carrier 
Anode - S2 (ROE) 
Program - EL200 I 
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Scan 33 . Cyclic voltamagram of Sg/I L-ascorbic acid 
Base elec trolyte - 22Sg/1 sulphuric acid 
Anode - Pt (RDE) 
Program - PTAA (rotation rate 3000rpm, scan rate 10mV/s) 
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Scan 34. Effect of vertex potential on cyclic voltamagram for Sg/l L-ascorbic acid 
Base electrolyte - 22Sg/1 sulphuric acid 
Anode - Pt (RDE) 
Program - PT AA (rotatio n rate 3000rpm. scan rate 40m V Is) 
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Scan 3S. Effect of scan ra te on the cycli c voltamagram of Sgll L-ascorbic acid 
Base e lec trolyte - 22Sgl1 sulphu ric ac id 
Anode - Pt (RDE) 
Program - PT AA (rotation rate 3000rpm) 
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Scan 36. Effec t of rotation rate on the cyclic voltamagram of Sgll L-ascorbic acid 
Base electrolyte - 22Sgll sulphu ric ac id 
Anode - Pt (RDE) 
Program - PT AA (scan rate 40m V Is) 
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Scan 37. The anodic oxidation of various sacrificial species at insoluble anodes 
Base elec trolyte - 80/225/50 + 5% carri e r 
Anode - C2 (RDE) 
Program - EL200 I 
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Scan 38. The anodic ox idation of various sacri fic ial species at insoluble anodes 
Base electrolyte - 80/225/50 + 5% carri er 
Anode - C4 (RDE) 
Program - EL200 I 
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Scan 39. The anodic oxidalion of va ri ous sacrificial species at insoluble anodes 
Base electrolyte - 801225/50 + 5% carrier 
Anode - S2 (RDE) 
Program - EL200 I 
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PHOTOGRAPHS 
Photograph I . Comer of lhrough hole after electroplating and solder float 
Magnificati on x500 
Photograph 2. Corner of lhrough hole with type 3 corner crack 
Magnification x500 
Photograph 3. Corner of through hole with type 5 corner crack 
Magnification x500 
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Photograph 4. Through hole after electroplati ng and solder float 
Magnification x50 
Photograph 5. Through hole exhibiting a barrel crack 
M agnification x200 
Photograph 6. SEM of the surface of anode C I (x I 000) 
Photograph 7. SEM of the surface of anode C2 (x 1000) 
Photograph 8. SEM of the surface of anode C3 (x J 000) 
Photograph 9. SEM of the surface of anode C4 (x lOOO) 
PhoLograph 10. SEM of the surface o f anode SI (x 1000) 
Photograph 1 I . SEM of the surface of anode S2 (x 1000) 
Photograph 12. SEM of the surface or anode D 1 (x 1000) 
Photograph 13. SEM of the surface o f anode D2 (x 1 000) 
Photograph 14. SEM of the surface of anode D3 (x 1000) 
Photograph 15. SEM of the surface of anode D4 (x 1 000) 
Photograph 16. SEM of the surface o f anode M 1 (x 1000) 
Photograph 17. SEM oflhe surface of anode M 2 (xl 000) 
Photograph 18. SEM of the surface of anode M3 (x 1000) 
Photograph 19. SEM of the surface of anode Pb02 (x 1 000) 
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APPENDIXl 
BSDS Determination By HPLC 
Electrolyte - 80/225150 + 5% carrier 
BSDS concentration (oom) Area counts 
10 ND 
50 32 
100 65 
250 152 
500 302 
750 45.9 
100.0 600 
ND - not detected 
.. .. .. ." '10 
BSDS CGRe. (ppm) 
APPENDIX 2 
Standard Addition Method To Determine L-ascorbic Acid Concentration 
Method 
1. A 500ml solution of 120/225/50 + 5% carrier solution containing 1911 BSDS 
was electrolysed as described in the ninety minute plating test 
2. Using a 3 figure balance, 2.070g of L-ascorbic acid was weighed out and 
added to the electrolysed solution giving a L-ascorbic acid concentratIon of 
4.l40gll. 
3. Five, 100ml samples of the electrolyte were then taken and the L-ascorbic acid 
standard addItions shown in the Table below were made. 
4. Program ELPT2001 was then used to determine the limiting cnrrents for L-
ascorbic acid oxidation that are shown in the Table below. 
L-ascorbic acid standard additions , iL 
(1'1I) (Acm·') 
0000 1780 
0949 21 11 
2441 2829 
4983 3903 
\0998 63.18 
5. A plot of limiting current against concentration was then made as shown in the 
Figure below. 
,.0 
OO~~~~~~~~~~~~~~~~--~~~~~~~~~~ 
00 20 40 
'" 
'0 100 
L-ascorbk add cone. (gII) 
6. It can be seen that the equation of the straight line obtained is; 
y = 4.1509x + 17.801 
rearranging this equation for x ; 
x = (y-17.801) 14.1509 
therefore, at the intercept with the x axis, 
y=O, x = -4.288 
The L-ascorbic acid concentration is therefore, 4.288g1l 
Actual concentration, 4.140gll, i.e. an error of 3.6%. 
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APPENDIX 3 
Structures Of Some Of The Sacrificial Species Used In This Study 
L-ascorbic aCid 
Resorcinol 
OH 
~ 
OH 
Tartaric acid 
o 
11 
C-OH 
I 
H-C-OH 
I 
HO-C-H 
I 
C-OH 
11 
o 
APPENDIX 3 (Contd) 
Methyl 3,4,5-trihydroxybenzoate 
HO 
o 
11 
C-OCH3 
::?'\ 
~ 
OH 
OH 
2,7-Dihydroxynaphthalene 
HO ~ OH 
l,5-Dihydroxynaphthalene 
OH 
APPENDIX 3 (Contd.) 
Fructose 
Q OH HO'"' CH20H 
.~ 
HO OH 
Maleic acid 
o 0 
\\ 11 
HO-C C-OH 
\ / 
C=C 
I \ 
H H 
Hydroxylamine sulphate 
Sodium hypophosphite 
------------------------------------
APPENDIX 4 
Patents And Papers Arising From This Study 
Patents 
Cobley A J, Kapeckas M J, Reddmgton E, Sonnenberg W, Gabe D R, Buckley T, 
BarstadLR 
Plating bath and method for depositing a metal layer on a substrate 
European Patent No.01308480. 
Cobley A J, Kapeckas M J, Reddington E, Sonnenberg W, Buckley T, Barstad L R 
Plating bath and method for depositing a metal layer on a substrate 
European Patent No.01308481. 
Cobley A J, Kapeckas M J, Reddmgton E, Sonnenberg W, Gabe D R, Buckley T, 
Barstad LR 
Plating bath and method for depositing a metal layer on a substrate 
European Patent No 01308482. 
Cobley A J, Kapeckas M J, Reddington E, Sonnenberg W, Buckley T, Barstad L R 
Plating bath and method for depositing a metal layer on a substrate 
European Patent No 01308486. 
All the above patents are also filed in the USA but no patent numbers were aVailable 
at the time of writing. 
APPENDIX 4 (Contd) 
The use of insoluble anodes in acid sulphate copper electrodeposition solutions. 
Cobley A J, Gabe D R, Graves J E 
Trans IMF, 2001, 79(3), 112-118 
(see attached) 
Methods for achievmg hIgh speed acid copper electroplating in the PCB mdustry. 
Cobley A J, Gabe D R 
Circuit World, 2001, 27(3),19-25 
Wmner of CircUIt World 'Outstandmg paper' of 2001 
(see attached) 
Anodes for electrodeposition 
Cobley A J, Gabe D R 
Tutonal series for Trans. IMF, 2001 
(see attached) 
I 
I 
I 
I.J. Cobley*, DR. Gabe** 
and J.E. Graves* 
·Shlpley Europe Lld. Coventry, 
Untted Kmgdom 
··IPTME, Loughborough Umverslty, 
Loughborough. Untted Kmgdom 
~ Cobley graduated with an honours de-
m Apphed Chemistry from Portsmouth 
techOlc III 1986 and, after a short spell at 
ntematlOnal Till Research Institute. then 
ed for British Aerospace In Stevenage 
i Apnl 1989 he took a position at Shlpley 
pe In their Techmcal Service Department 
e Joimng the R & D team around 5 years 
vhere he IS now a Senior R & D Chemist 
NO years ago he began a part time Ph D 
ughborough Umverslty researchmg • Ad-
,d methods of electroplatlOg for the PCB 
,try', a programme which IS sponsored by 
eyEurope 
11 acobley@shmleycom 
:obley. D R Gabe and J E Graves Trans 
'001,79(3), 112 
The use of Insoluble 
Anodes in Acid Sulphate 
Copper Electrodeposition 
Solutions 
SUMMARY - The use o/lnsoluble anodes In hon:ontal aCid copper electroplatmg machines IS becommg 
the Industry standard Despite this fact there appears 10 he little published work on the opflmlsatlOn of 
the anode matenalJor this appflcatlOn Although lltamum coated lVllh mdlllm dioxide IS widely usedJor 
ItS long lifellme under oxygen evolution conditions. It appears that no consideration has been gIVen to 
the effect oJ thts oXide on other electroplatmg parameters. Jor example the OXidatIOn 0/ addllIVes. pulse 
platmgetc 
This paper reviews the matenals that have been employed as Insoluble anodes m aCid sulphate electrolytes 
Includmg those used/or electrodeposlllOn. electrowmmngoperatlOns, and other electrochemlcal processes 
It considers the/actors that affect the matenals performance under oxygen nolvmg cond,tIOns and collates 
values from the Itterature/or the oxygen evolullon potential and Tafel slopes/or thiS reactIOn that have 
been obtamed for varIOus metal OXides 
From these data, a set 0/ crltena IS establtshed 11 hlch an Insoluble anode material should meet if It IS to 
be successfully employed In an aCid copper hon:ontal electroplatmg machme 
INTRODUCTION 
The PrlOted CirCUit Board (PCB) mdustry IS 
demandmg equipment and processes to manu~ 
facture complex boards of high quality at low 
cost With high productiVity These requIre-
ments have led to the development of honzon-
tal processmg equipment Such machines are 
well established for the desmear and direct 
plate/electroless copper stages of the PCB 
manufactunng process but the tndustry has 
been more reluctant to embrace the concept of 
honzontal aCId copper electroplatmg 
The ongmal honzontal electroplatmg ma~ 
chmes tended to use soluble phosphonzed 
copper anodes and thiS caused a number of 
problems associated With 
MaIntenance - unlike vertical plating, 
where anode baskets can be topped up 
durmg operatIOn, honzontal platers have 
to be shut down whilst the anode baskets 
are removed and replemshed 
11 High current denSity platmg - to keep the 
module length to a mtnlmum and to 
achieve the high throughput required, the 
machines must operate at current 
densllIes of 5-15 A dm-' (ASD) Smce 
the anode area IS generally at best 
eqUivalent to the cathode area thiS Will 
lead to high (If not higher) anode current 
denSItIes that are dIfficult to achieve on 
copper anodes Obtatntng high current 
denSity platlOg With good throwlOg 
power and dlstnbution also requires 
optimum solutIOn flow at the cathode 
surface Honzontal processmg IS Ideal for 
thiS but can be hindered by the necessIty 
to screen copper anodes (screens are 
employed to prevent anode film/debns 
entenng the bulk electrolyte) 
111 Anode Size and posItIon - to obtam the 
best throwmg power and distnbutlon 
from the platlOg bath at high current 
denSity the anodes should be placed as 
close as possible to the cathode surface 
The use of screened copper anodes agatn 
makes thiS difficult and also the 
posltlonmg of any anode shields IS 
problemattc due to the changmg 
dimenSIOns of the anode as It dissolves 
All of the problems outhned above can be 
overcome by the use of msoluble anodes 
These reqUIre no maIntenance until replace-
ment IS reqUired (several millIon amp hours) 
and can be operated at very high anode cur· 
rent denSities No anode film IS formed on 
them so no screemng is reqUired and the fact 
that they are normally supphed as a mesh 
means that electrolyte can be pumped/sprayed/ 
educted directly through them allOWIng for 
excellent solutIon flow at the cathode surface 
They can also be placed very close to the cath-
ode and the fact that they are 'dimensIOnally 
stable' means that anode shields can be effec-
tively employed 
Insoluble anodes are not Without theu 
drawbacks, not least of which IS their cost and 
the reqUirement for a copper replenIshment 
system The effect of pulse platmg on the hfe-
tIme of such anodes IS also unknown 
Although the charactenstIcs and role of all 
types of anodes used in electrodeposltIon 
processes have been reviewed prevlouslyl an 
extensive search of the literature has failed to 
find any publIshed work on optlmlsatlon of 
matenals for msoluble anodes tn aCId copper 
electroplatmg ThIs paper therefore detaIls the 
matenals that have been previously used as 
msoluble anodes In aCid sulphate electrolytes 
and the factors that affect their functIOnality 
under such operatmg conditIons From these 
data an attempt has been made to set a number 
of cntena that should be met for any matenal 
to be used successfully as an tnsoluble anode 
ID an acid copper electroplatmg process 
rmns IMF, 2001, 79(3) 
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THE TRADITIONAL USE OF 
INSOLUBLE ANODES 
Lead and Its alloys are probably the oldest In-
soluble anodes together with graphIte and slh· 
con·tron. but the development of platinised 
titanIUm and the 'DimensIonally Stable Anode' 
(DSA) In the late slxlIes paved the way for thelT 
more wIdespread use Their functIon under aCid 
sulphate electrodeposlt1on condItions IS prima-
rIly to remain mert and enable oxygen to be 
evolved at the lowest possible Qverpotenttal 
Titanium coated with platinUm, palladIUm, ru-
thenIUm dIOXide, mdmm dioxide and mixed 
metal oXides IS commercially avaIlable at 
present. Means for the manufacture of these 
anodes are beyond the scope of thiS paper 
Insoluble anodes are now utilised ID such 
mdustrles as metal wmnmg. chlor-alkall. ca-
thodic protection, wastewater management, Of-
gamc electrosynthesls, battenes, and some 
electroplatIng (maInly chromIum that has ha-
bltuaily utIlIsed such anodes) The" employ-
ment In copper electroplatmg has been minimal. 
although theIr use In copper fOil manufacture 
and alkalIne pyrophosphate electrolytes IS re-
ported' 
The cnterla for the use of msoluble anodes 
In these mdustnes can be very different to those 
reqUIred for aCid copper electroplatmg Even In 
the case of copper foIl manufacture. which gen-
erally occurs under aCid sulphate condItions, the 
phYSical properties required of the foIl mean 
that the additives used are very different and a 
I non-bright, rough surface IS desirable as com-
pared to the bnght, smooth ducttie deposIt re-
qUITed for PCBs 
THE USE OF INSOLUBLE ANODES IN 
ACID SULPHATE BASED ELECIROLYTES 
Many matenals have been investigated as in-
soluble anodes In sulphuriC aCid based electro-
lytes Along with the more common oXides of 
1-
mdlUm. ruthemum and lead. a whole range 
of other materials have been studied Tables 
I-IV gIve an IndicatIon of this diverSity and 
quote values for the oxygen evolution poten-
tl8l and Tafel slopes from the hterature It IS 
very difficult to directly compare many of 
these values from source to source because 
of differences In electrolyte concentratIOns, 
temperatures etc In additIOn. for oxygen 
evolution potentlals, the current denSIty at 
which these values are taken IS obViously 
Important Figure I shows how the chOice of 
anode can have a slgmticant effect on both 
the potentIal for oxygen evolution and Tafel 
coefficient 
Most metal oXide electrocatalysts are 
formed on a tltamum substrate. although 
platinUm, tantalum, tungsten, zirconIUm, 010-
blUm or their alloys have also been used 
TitanIUm IS preferred because of Its relatIvely 
low cost. Its abilIty to be formed Into the 
deSired shape for the anode, Its light weight 
and. when exposed under anodlc aCid condi-
tions, Its strong passlvatlOn tendency which 
prevents further detenoratlOn of the anode 
Lead dioxide has traditIOnally been formed 
on the surface of lead anodes In SlIU, and 
must be mamtaIned dunng operation and 
protected when not m use 
Not surpnsInglythe chOice ofmatenal to 
coat the substrate Will affect the 
electrochemlcal properties of the anode, Its 
corrosIOn resIstance/hfetime under operatmg 
conditIOns, Its morphological properties and 
Its cost 
Iridium Dioxide Coated Electrodes 
ComparIson of Tables I and 11 shows that, 
generally, IfIdlUm dIoxIde has both a hIgher 
potentIal for oxygen evolutIon and Tafel slope 
for thiS reaction than ruthenIUm dioxide De-
spite thiS, mdlUm dIOXide has become the 
most favoured matenal as an Insoluble anode 
Table I. Electrochemlcal Properties of IndlUm DIoxide ContaiolDg Electrodes IQ Sulphunc ACid 
'" 
for aCid copper electroplatmg (see Figure 2). 
probably because of Its enhanced hfetlme un-
der aCidiC oxygen evolvIng condltlongl-l. This 
supenor corrosIOn resistance can be further Im-
proved by alloymg wIth other metals such as 
tantalum6.79 or rhodlUm'o 
To enhance ItS oxygen evolvmg character-
IstiCS andlUm dioxide can be mixed with ruthe-
nlum3 s 11~ to lower the oxygen evolutIOn 
potential, and platinum. to Improve ItS 
electrocataiytlc properties' However. a trade-
off always occurs between the lifetime of the 
anode. which decreases as more ruthemum IS 
added. and the oxygen evolutIOn potentIal 
"hlch Increases WIth the mdlum content In the 
ailoy 
The method of manufacture of the IrIdium 
dioxide also affects ItS performance812- 14 
Whether the Indlum dIoxIde IS fonned by ther-
mal decomposItIOn or electrolytIcally, the bak-
Ing temperature and the atmosphere In which 
bakmg occurs have a critical effect on the 
morphology and therefore the catalytIc prop-
erties of the oXide If the oXide IS produced_ 
electroiytlcallyl3 then without heat treatment 
the hydrous oXide formed has an open struc-
ture wIth high surface area and good 
electrocatalytlc propertIes but these rapIdly 
dechne With contInUOUS operation at oxygen 
evolution potentlais Baking produces an an-
hydrous oXide with a more closed structure 
and. tnltlally. somewhat reduced 
electrocataiytlc propertIes Nevertheless, on 
contmuous operation under oxygen evolvmg 
conditions the oXide mamtams Its actiVity and 
Will eventually show superIor performance to 
the non-baked oXIde It can generally be SaId 
that the greater the surface area of the fimshed 
OXIde, the lower WIll be the Tafel slope and the 
potential for oxygen evolutIOn may also be 
somewhat affected at a given current denSity 
(FIgure 3 ) Optlmlsatlon of the bakmg tem-
perature IS therefore crItical 
Oxygen evolution 
potential Ta/el 
Re/ Anode Melhod of preparatIOn SulphuriC Temperature Current normalised to Slope 
material aCid molarlty "C de"",>, A d"r SHEIV mV/dec 
3 RuO,-lrO, (90-10) SGlbaked at 400°C for 1 hour ID air OS RT 01110 I 43/1 73 42 
3 RuO,-lrO, (70-30) SGlbaked at 400°C for 1 hour ID air OS RT 01/10 I 4211 58 45 
3 RuO,-lrO, (50-50) SG/baked at 400°C for 1 hour ID air OS RT 01110 I 44/1 62 46 
3 RuO,-lrO, (30-70) SG/baked at 400°C for 1 hour ID air OS RT 01110 I 44/1 60 49 
3 RuO,-lrO, (10-90) SG/baked at 400°C for 1 hour ID au OS RT 01110 I 46/1 65 57 
3 IrO, SGlbaked at 400°C for 1 hour IQ atr 05 RT 01110 I 5211 68 61 
12 TlIIr-Ta TDlbaked at 450-600"C for I hour I 60 12 147-180 
12 TtIlr-TI TDlbaked at 450-550"C for I hour I 60 12 151-193 
12 TI-Pd (0 5%)nr TD/baked at SSOOC for I hour ID air I 60 12 151-170 
12 TtlTa-Ir-Co TDlbaked at SOO-SSO°C for 1 hour m air I 60 12 150-165 
12 Tlffa·Ir-Ca TD/baked at SOO-SSO°C for 1 hour m air I 60 12 I 52-1 57 
IS TtlRulrOx TDlbaked ID air at 350°C for 5 mm OS 25 30/40 
IS TIIRuoslrosTaOx W/baked ID air at 350°C for 5 mm OS 25 30/40 
IS TIIRuIrosTBupx W/baked In aIr at 3500C for 5 mm OS 25 30 
IS TtIlrOx TOlbaked IQ air at 3S0OC for 5 mm OS 25 35/55 
17 TtIlrO,-Ta,O, (25-75) TO/baked at 500°C for 5 mmutes ID air 2 60-65 2 162 
30 61 
30 53 
37 TtIlrO, TD/baked at 450°C aIr OS 
37 IrO, --' TDlbaked at 650"C 0, OS 
Key 
TO - Thennal decomposition 
5G- Sol gel 
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le 11 Electrochemlcal Properties of Ruthemum DIoxide Contamang Electrodes m Sulphuric ACid 
Anode 
marerlOl 
Method of preparation SulphurIc 
aCId molanty 
Temperature Current 
Oxygen evolutIOn 
pOlenl/al 
normalised 10 
SHElV 
Talel 
Slope 
mVldec °C denSIty A dm 2 
RuO, 
RuO;-lrO, (90-10) 
RuO,-lrO, (70-30) 
RuO,-lrO, (50-50) 
RuO,-lrO, (30-70) 
RuO,-lrO, (10-90) 
TuRu-TI 
TtlRu-Ta 
TtlRuOx. 
TtlRuTaOx. 
TtlRuIrOx. 
SGlbaked at 400°C for I hour an air 
SGlbaked at 400°C for I hour In air 
SGlbaked at 4000C for I hour In air 
SGlbaked at 400°C for I hour an air 
SGlbaked at 400°C for t hour an air 
SGlbaked at 400°C for I hour m air 
TDlbaked at 450-550°C for I hour 
TDlbaked at 450-550°C for I hour 
TD/baked m air at 350°C for 5 mm 
IDlbaked m air at 350°C for 5 mm 
TDlb-aked m air at 350°C for 5 mm 
TlIRuos1rosTaOx IDlbaked m air at 350°C for 5 mm 
TllRulro,TllusOx TDlbaked In air at 350°C for 5 mm 
RT 
RT 
RT 
RT 
RT 
RT 
60 
60 
25 
25 
25 
25 
25 
TIIRuOl TDlbaked at 5000C for 5 minutes 10 air 
TtlRuOz-Taps (10-90) ID/baked at 500°C for 5 minutes 10 air 
TtlRu02-Taps (50-SO) TD/baked at 500°C for 5 minutes m air 
TJiI'.AnWO.-RuOl-Taps (45-1243) ID/baked at 500°C for 5 minutes m air 
TIIMnW04-Ru01-Tap, (40-6-54) TD/baked at 500°C for 5 minutes In air 
TlIMnW04-Ru02-Taps (40-6-54) TDlbaked at 500°C for 5 minutes In air 
TIIRu02-Taps (12-88) IDlb-aked at 500°C for 5 mmutes 10 air 
TiICoWq-Ru02-Taps (425-12455)TDlbaked at 500°C for 5 mmutes m air 
05 
05 
05 
05 
05 
05 
1 
I 
05 
05 
05 
05 
05 
2 
2 
2 
2 
2 
2 
2 
2 
OS 
05 
OS 
05 
05 
05 
05 
05 
05 
05 
05 
05 
OS 
OS 
05 
6<Hi5 
6<Hi5 
6<Hi5 
6<Hi5 
6<Hi5 
6<HiS 
6<Hi5 
6<Hi5 
TIiRu EO 
TtlRuO 7RhO] 
TlfRu01Rh07 
TlfRu01RhOl 
EO 
EO 
EO 
EO 
EO 
EO 
EO 
EO 
EO 
RT 
RT 
RT 
RT 
AulPbO,-RuO, (0 1%) (10 (lm) 
AulPbO,-RuO, (02%) (10 (lm) 
AulPbO,-RuO, (03%) (10 (lm) 
AulPbO,-RuO, (05%) (10 (lm) 
AulPbO,-RuO, (08%) (10 (lm) 
AulPbO,-RuO, (05%) (30 (lm) 
TtlRu01 
PtfRu01 
PtlRu01 
RuOz 
RuOz 
TOlbaked at 450"C .If 
TDlbaked at 450°C alf 
TD/baked at 650°C air 
TO/baked at 450°C 02 
TDlbaked at 650"C 0, 
1 
~ - Thermal decompOSItIOn 
i-Sol gel 
) - Electrodeposlted 
I 
I 
I 
I 
I 
~thenium Dioxide Coated Electrodes 
,ference to Table 11 indIcates that, takmg the 
,tentlal for oxygen evolution as well as the 
Ifel slope for this reaction mto account, ru-
entum dioxide appears to have extremely 
vourable electrochemlcal properties for the 
,ygen evolution reaction m sulphunc aCid 
!Sed electrolytes Unfortunately the hfetlme 
rutheOlum dIOxide IS very short) S IS 16 In 
Iphunc aCid under oxygen evolving cond,-
ms particularly when compared to mdlUm 
oXide based electrodesll? (Figure 2) This 
,pears to be due to oXidation of rutheOlum 
oXide to ruthemum tetraoxldCS IS which wIll 
pldly corrode leading to passlvatlon of the 
amum substrate For thIs reason ruthenium 
oxide electrodes tend be used more In the 
llor-alkah Indust!)', where their low potential 
r chlonne evolutIOn and corrosion resistance 
hydrochlorIc acid are superIor to iridium 
oXide 
Because of ItS favourable propertIes for the 
cygen evolution reaction attempts have been 
14 
-
made to use ruthenIUm mixed oXides to Im-
prove the hfetlme and maIntalO Its good oxy-
gen evolvIng characterIstics Loutty and Hol? 
claIm that when usmg a mIxed rutheOlum, tan-
talum, tungsten oXide, maintenance of the ac-
tIvIty of the oXide under contInUOUS 
electrolYSIS conditIons In 200 g I-I sulphuric 
aCId was greater than 7000 hours as compared 
to 216 hours wIth ruthenIUm dioxide alone 
AllOYIng with IrIdlUml6, IrIdIUm/tantalum" 11 
and rhodlUml9 will also Improve the corrosion 
reSIstance of the alloy but the potential for the 
oxygen evolutIon reactIOn will Increase and 
the electrocataiytlc properties of the oXide Will 
be reduced 
As with IrIdium diOXide the mode of manu-
facture of the oXide IS also Important In deter-
mlOmg its electrochemlcal properties Work by 
Melshelmer" Illustrated the effect of baking 
temperature on the Tafel slope for the oxygen 
evolutIOn reactIon (FIgure 4) It was found that 
at higher calcInation temperatures the rough-
ness factor of the OXide IS decreased leadmg 
30 
30 
30 
30 
30 
01 
01110 
01110 
01110 
01110 
01110 
12 
12 
2 
2 
2 
2 
2 
2 
2 
2 
12 
12 
12 
12 
1110 
1110 
1110 
1/10 
1110 
1/10 
147 
143/173 
1421158 
1441162 
1 44/1 60 
146/165 
147->25 
145-200 
I 55 
155 
155 
155 
156 
159 
155 
156 
101 
1256 
1306 
1506 
109/121 
1 0511 15 
101/108 
I 00/1 07 
1 0111 08 
097/104 
39 
42 
45 
46 
49 
57 
32/42 
30/40 
30/40 
30/40 
30 
55 
51 
64188 
49 
72 
to a reductIOn In both the Tafel slope for the 
oxygen evolution reactIon and the potentIal at 
which thiS reachon occurs10 Once agam. a 
trade-off IS required between stability and 
electrocatalytlc activity of the OXide 
Lead DIOXide Coated Electrodes 
There IS a vast array of lIterature on the lead 
diOXide anode spanmng a number of years 
Despite Its traditIOnal use In all hexavalent 
chromIUm plating, the employment of lead 
diOXide Insoluble anodes In other Industries IS 
wanmg due to ItS relatively poor 
electrocatalytIc properties and problems of 
contanunatlon If any dissolutIOn occurs How-
ever, It IS very cheap when compared to ruthe-
nIum diOXide and mdlUm diOXide and it IS 
probably for thIS reason that much work IS stilI 
beIng carried out to overcome some of these 
problems 
The potential for the oxygen evolutIon re-
actIOn and Tafel slope are much hIgher for lead 
dioxide than for both ruthemum diOXide and 
Trans IMF, 2oot, 79(3) 
Table Ill. Electrochemlcal Properties of Lead DIOxide ContalRlng Electrodes ID Sulphuric ACid 
Oxygen evolutIon 
potential Talel 
Rei Anode Method of preparatIOn Sulphuric Temperature Current normaltsed to Slope 
matenal aCId mo/anly "C denslly A dm 1 SHElV mV/dec 
26 Pb-Ca-Sn Alloy 18 35 In SHE 2 OS/2 18 
27 Pb 10 35-40 4 SHE 2 
27 Ph-Ag(O 5) 10 35--40 , SHE 19 
27 Pb-Sb(3%) 10 35--40 4 SHE 195 
27 Pb-Sb(3%) 10 35-40 4 SHE 195 
27 Pb-Sb(3%) 10 35--40 4 SHE 195 
27 Pb-Ca{O 5%) 10 35-40 4 SHE 195 
27 Ph-Ag (0 5~Sb (I %) 10 35--40 4 SHE 19 
27 Pb Co mtrate MSB at 90-100"(; for 3 hours 10 35-40 4 SHE I 75-1 88 
27 Pb Fe rutrate MSB at 90-100°C for 3 hours 10 35--40 4 SHE I 81-1 87 
I 27 Pb NI mtrate MSB aI90-100°C for 3 hours 10 35--40 4 SHE 1 81-1 92 
27 Pb Co mtrale MSB at 120-130°C for I hour 10 35--40 4 SHE I 82-1 86 
27 Pb Co mtrate MSB at ISO-160°C for 40 mm 10 35--40 , SHE 1 80-1 84 
27 Pb Co mtrate MSB at 190-200°C for 20 nun 10 35--40 4 SHE 181-186 
27 Pb Co per5ulphatc MSB at 90-100"C for 40 mm 10 35--40 , SHE 183-190 
27 Ph-Ag (0 5) Co mtrale MSB at 90-tOQoC for 3 hours 10 35--40 4 SHE 1 72-1 8S 
27 Pb-Sb(3%) Co mtrate MSB at 90-1 OO°C for 3 heun 10 35--40 4 SHE I 82-1 92 
27 Pb-Sb(3%) Fe rutrate MSB at 90-100°C for 3 hours 10 35--40 4 SHE 181-194 
27 Pb-Sb (3%) NI mtrate MSB at 90--1 OO°C for 3 hours 10 35--40 , SHE I 81-1 93 
27 Pb-Ca(O 5%) Co mtrate MSB at 90-100°C for 3 hours 10 35-40 4 SHE 1 74-1 85 
27 Pb-Ag (0 5}-Sb (I %) Co rutrate MSB at 9O--IOO°C for 3 hours 10 35--40 , SHE 1 74-1 87 
32 AufPb02 (l0 pm) EO OS 1/10 SCE 1581171 
32 AulPb01RuOa (0 1%) (10 Ilm) EO OS 1110 SCE 10911 21 
32 AulPb01RuOa (0 2%) (10 sun) EO OS 1110 SCE I 05/1 IS 
32 AulPb01Ru02 (0 3%) (l0 J.U1t) EO OS 1110 SCE I 0111 08 
32 AulPb01-Ru01 (0 5%) (10 Ilm) EO OS 1110 SCE 100/107 
32 AulPb01RuOa (0 8%) (10 ~m) EO OS 1/10 SCE 1011108 
, 32 AufPb01 Ru02 (0 5%) (30 Ilm) EO OS 1110 SCE 097/104 
33 ToIPbO, EO 00 35 81 
33 ToIPbO, EO 10 35 112 
33 TlfPbOa EO 75 35 112 
35 PbO, 10 25 98 
35 PbO, 10 25 13 mg I~I Co 61 
35 PhO, 10 25 SO rng I-I Co 65 
35 Pb02 10 25 200 rng I-I Co 67 
Key 
ID - ThennaI decompoSition 
SG- Sol gel 
EO - ElectrodepoSlted 
MSB - Molten salt bath 
Table IV. Electrochemlcal Properties of Other Metal OXide Contaming Electrodes IQ Sulphunc ACid 
Oxygen evolution 
potential Talel 
Rei Anode Method of preparation SulphuriC Temperature Current normalIsed to Slope 
matenal aCid molanty "C density A dnr1 SHEIV mV/dec 
12 TI-Pd {O S%yra TDlbaked at 500°C fOf 1 hour m alf 10 60 12 SHE I SO-I 69 
37 Pt!J3Mn02 TDlbaked at 170°C alf OS 30 82180 
37 TII'CoPz TDlbaked at 350°C aU' OS 30 71 
37 TIIRhPJ TDlbaked at 650°C alf OS 30 64/65 
37 PtJRh,O, TDlbaked at 4S0OC aU' OS 30 78 
37 PtlRhPI TDlbaked at 650°C air OS 30 95 
37 PtlPdO TDlbaked at 450°C aU' OS 30 86 
37 To/PdO TDlbaked at 650°C 02 OS 30 12' 
37 PdO TDlbaked at 650°C 02 OS 30 118 
37 TlfPt°2 TDlbaked at 450°C aU' OS 30 1181126 
37 PtO, TDlbaked at 450°C 02 OS 30 91 
Key 
10 - Thermal decompoSition 
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3-TIIRuO ,(4S%yrIOl(SS%) 
4-Mn01 
5-110) 
6-Sn01(SO%),IRuO 1(50"'1') 
7-IrO,( <KW.m lOs(6O"Ao) 
S.RuOl 
10 lOO 11100 1IIIIIIII 
Logl(Am 1) 
re 1 PolansatlOn curvesjor vanous anode materials In IM sulphuric aCid a125°C (after 
grl./}) 
urn dIOxIde" (compare Tables I-Ill) al-
gh thIs pIcture IS sltghtly confused by the 
nee of two forms of the oXIde It has been 
d"-" that the alpha (orthorhomblc) form 
e oXide IS more catalytic than the beta (te-
nal) form, although the stablltty of the 
oXide In solutions With a pH of less than 
questionable 
ne of the problems wIth lead anodes is 
I
some dissolutIOn may occur in sulphuric 
based electrolytes In electrowinnmg thiS 
contammate the deposited metal and so 
anodes are nonnally alloyed wIth other 
Is to Improve thIS Situation SIlver (and 
,r/calcIUm) have tong been used but tm, 
~m • rhodIUM and antlmony4.24-21 are also eel to IDcrease the corrosion resistance of anode, and may ehmmate the creep ten-, of pure lead anodes 10 hot solutions ~UCh work has also been carned out on ncmg the electrocatalytlc properties of dioxide anodes m sulphunc aCId based rolytes PractIcally all the alloymg ele-s mentIOned above which mcrease the 
me of the lead dIOxide anode also Im-
e its electrocatalytlc propertles2S 26 28. 
I - non activated 
148 2 -sqwlctlvated.heatlreatcdat400"C 
3 - sqw actIVated· beal treated at 300 "C 
> 
-
~ 
143 
IOl 138 u 
~ 
:3 133 
'5 
'0 
'" 128 
123 
, - sqw acbvated • beal treated at 200 "C 
, - sqw acbvated • PO hut treatment 
Kuhn21 states that a 200 m V depolansatlOn can 
occur when Silver IS used as an alloymg ma-
tenal Tm, antimony. bismuth, rhodIUm and 
cobalt are also reported to reduce the oxygen 
evolution potentlal-423.2S27-29 It is perhaps not 
surpnsmg that the use of mixed oXides of lead 
With ruthenIUm and mdlUm can cause some 
dramatic effects on the electrochemlcal prop-
erties of the oXIde Iwakura et apo mvestlgated 
mdlum dIspersed lead electrodes and showed 
that the Tafel slope could be reduced from 120 
mY/decade for lead d,ox,de to 60 mY/decade 
for the mIxed oXIde dependmg on the heat 
treatment of the oXide More recently La Pape-
Rerolle31 fonned an mdlUm oXide coatmg on 
a lead-sIlver alloy by electrochemlcal oXida-
tion of mdlum hexachlonde and the resultant 
anode depolansed the oxygen evolution poten-
tIal by 340 mV at 50 mA cm-' m a zmc 
electrowmnmg electrolyte (although th,S acttv-
Ity detenorated somewhat With time) The use 
of a lead dloxlde/ruthemum dIOxide compos-
Ite anode has also been reported32 and a mas-
sive depolansatlOn of the oxygen evolution 
potent .. 1 was found (some 600 mY) With a 
concurrent reduction 10 Tafel slope As one 
118 +-----..--,----,---,---,------1 
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Log I (mA cm-2) 
'l!' 3 Effect of square wave actIVatIOn and heat treatment of IrIdIUm diOXide anode In 05M 
'uric acid (after Vukovic lJ) 
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Figure 2 CorrosIon rate of Ru/r,_PJ mIXed 
oXides at J A cnrJ In J N sulphuric aCid as a 
function of composition x (after Kot= and 
Stucb'6) 
00 
mIght expect, the lIfetime of such anodes IS 
questionable but alloymg with tm Improves 
thiS situation although the oxygen evolution 
potential mcreases somewhat 
The addition of metal salts to the electro-
lyte can also have a major effect on the oxy-
gen evolution potential on lead diOXide 
anodes The presence of manganese and zmc 
Ions reduce the potential for oxygen evolution 
whIlst the presence of sodIUm Ions causes an 
mcrease2S.33.J4 A lot of studies have been car-
ned out mvestlgatmg the effect of cobalt IOns 
Work by Koch" (F,gure 5) and Cachet et al" 
clearly md,cates that add,t,on of cobalt to the 
electrolyte causes a huge drop in the Tafel 
slope (100-120 mV to 5()..{j0 mV are typically 
quoted) and some depolarisatIon of the oxy-
gen evolution potential IS observed 
Lead dIOxide anodes are nonnally prepared 
by anodlsmg lead m sulphune acid as a pre-
treatment However. Dykstra et aP6 have 
shown that usmg PTFE bonded lead dIoxide 
catalysts a slgmficant decrease 10 oxygen 
overpotentlal could be achieved although the 
hfetlme of the electrodes was short They also 
showed that smtenng temperature agam mflu-
eoces both kmetlc properties and the potential 
for oxygen evolutIOn 
Other Metal OXide Electrodes 
Infonnatlon on the other types of metal oXIde 
IS rather more scant Work by Inai et aP7 
looked at a number of other oXIdes (see Table 
IV) such as those of rhodIum, platmum and 
palladIUm The work agam Illustrates the ef-
fect of calcmatlon temperature on the electro-
catalytic properties of the various oXides. but 
of these only the rhodIum oxide showed Tafel 
slopes with values close to those for the ox-
Ides of mdlUm or ruthemum The potential for 
oxygen evolutIOn was relatively high on the 
platlOum diOXide electrode. a findmg con-
finned by other studleslUO and It was also seen 
that the material exhIbits a high Tafel slope for 
tIllS reaction 
Graphlte8 and 'diamond' electrodeglS have 
also been studied but their application tends to 
be for either waste treatment or for 
organosynthesls4• In either case the oxygen 
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Figure 4 Effect o/ruthenlum dIOxide annealmg temperature on Talel Slope (after Me/she/mer and 
Ztegle"") 
evolution reaction IS seen as a competing re-
action and so the materials afe deSigned to 
have both high potential for oxygen evolution 
and Tafel slopes for this reactIOn 
'Redox' Additives and other 
Depolarisation Techniques 
Inorganic additives have been used to lower 
I the energy required for the electrowmnmg of 
copper for some years39 Ferrous salts are 
added to the electrolyte and since the poten-
tial for the ferrous/feme reaction IS lower than 
that for oxygen evolution, energy savtng can 
be achIeved It has also been proposed40 41 that 
thiS and other 'redox' couples can reduce 
brIghtener oXidation when Insoluble anodes 
are used m honzontal electroplatmg machmes 
The potential for the ferrous/femc reaction IS 
also below that for bnghtener oXidation and 
I will therefore occur preferentially thus reduc-
109 bnghtener consumptIOn 
DISCUSSION 
It IS qUite clear from thiS review that the ma-
Jority of work on Insoluble anodes to date has 
concentrated on matenals based on the oXides 
of mdlUm, ruthenIum and lead and that the 
favoured matenal for aCid copper electroplat-
Ing IS mdlUm dIOXide The Justification for 
usmg thiS matenal seems to be solely based on 
ItS long lifetime under aCidiC oxygen evolVing 
condItIOns 
There is very little published data on 
whether thiS or any other matenal has been 
electrochemlcally oplImised for acid copper 
electroplating e g how do the inorganIc ma-
In", chlonde and, Importantly, pulse platmg 
affect the chOice of anode? 
Another factor should also be conSidered. 
namely. how does the chOice of anode mate-
nal effect the electroplatmg addllIves ThIS 
review has uncovered many papers detatlmg 
the behaVIOur of such additives at the cathode 
085~-------------------------------. 
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~ 
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Ftgure 5 Effect of cobalt ton on oxygen evolutwn reactwn usmg a lead dwxtde anode (after KochJJ) 
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but few conSider their behaVIOur at the anode 
(and even fewer at Insoluble anodes) 
Evaluation of the current hterature has 10-
dlcated that the follOWing factors are Important 
to achieve low Tafel slopes and potent13ls for 
the oxygen evolution In a sulphune aCid based 
electrolyte 
I Eiemental make up of anode 
Tables I-IV mdlcate the vast array of 
potentlals and Tafel slopes that can be ob-
tamed even for vanous smgle metal OXides 
When allOYing and mixed OXides are used thiS 
situation IS modified still further and. In the 
case of lead diOXide, the amounts of the alpha 
and beta forms of the OXide are Important 
The chOIce ofmatenal will also affect the hfe-
time of the anode under operatmg conditions 
Punty and mcluslOn level may also be factors 
2 MorphologIcal propertIes 
These tend to be tnfluenced by the mode of 
manufacture of the OXides and kmetlcally ap-
pear to be a cntlcal factor In the oxygen evo-
lution reaction It IS generally agreed that as 
the surface area mcreases so the catalytiC ef. 
ficlency Improves and the Tafel slope de· 
creases This also has an effect on the potential 
for oxygen evolutIOn 
The crystalline structure, gram size and 
stOichIOmetry of the OXide may also be Impor-
tant factors The amount of mcluslOns present 
should also be noted 
3 Electrolyte addltlves 
Studies Involvmg the use of the lead diOXide 
anode seem 10 show that the additIon of co-
balt to the base electrolyte can dramatically 
Improve both the oxygen evolution potentIal 
and the Tafel slope for thiS reaction 
Redox couples have been used m the 
electrowInnmg mdustry to reduce energy costs 
but more recently ID aCid copper electroplat· 
mg baths to reduce bnghtener consumptIOn 
CONCLUSIONS: SELECTION 
CRITERIA FOR INSOLUBLE ANODES 
It seems clear from thiS hterature review that 
there has been no prevIous concerted attempt 
to define cnterIa for the use of Insoluble an-
odes m aCid copper electroplatmg. although It 
has been done for soluble anodes, e g 'So 
mckel and phosphor copper 
The foIlowmg IS a hst of CriterIa that, It IS 
now suggested. any matenal must meet If It IS 
to be selected as an Insoluble anode for hOrI-
zontal aCid copper electroplatmg. 
A low potential for oxygen evolutIon and! 
or a high potential for organIC additive 
OXidatIOn 
It must be stable under hOrizontal aCid 
copper electroplatIng operatmg 
condItIons (I e stable at all relevant pHs, 
temperatures, agitatIOn, 100rgaOlc 
matnces and organic additives) 
It should have a low Tafel slope for the 
oxygen evolution reaction (or high Tafel 
slope for brightener oxidatIOn) 
It must remam conductive at all relevant 
current denSities I e. It must not passlvate 
at high anodlc current denSItIes 
117 
I 
I 
It must be stable to the effects ofpulsmg 
It must be available for the desired anode 
shape 
It must be cost effective I e mltlal cost, 
life and mamtenance 
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f1ethods for achieving high speed acid copper 
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Ibstract 
:;lgnlflcant reductions In the cycle 
Ime for the desmear, "making 
10les conductive" and Imaglng 
stages of the printed circUIt board 
manufacturing process have been 
achieved by the use of hOrizontal 
conveyOrised techmques If these 
savings In time are to be fully 
realised, It Is also necessary to 
have a high-speed acid copper 
electroplating process that, by 
Implication, must be capable of 
operatmg at very high current 
densitIes ThiS paper outlines the 
fundamental electrochemlcal 
pnnclples of acid copper 
electroplating and explains how 
these Impact on high speed 
electroPlating In terms of the 
electrolyte chemistry, the 
construction of the plating cell 
and the method In which the 
current Is dehvered (I e DC or 
pulse). 
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Introduction 
Before the 1990s vertical batch processmg of pnnted 
CircUIt boards (PeSs) had remamed unchallenged. smce 
large-scale production began some 40 years earher 
However, the modem demands of the PCS mdustry and the 
requirement to Improve efficiency and maxnruse 
throughput have led to the development of honzontal 
processIng techmques 
Honzontal processmg modules elmunate the need for 
manual handhng of boards, are more capable of 
transportmg tlun core matenal. reduce cycle bme, are 
readdy automated and less labour mtenSlve This type 
of equipment also allows more effiCient solution 
movement and thus the volume of cherrustry requrred for a 
particular stage can often be dramatlcally reduced. as can 
the amount of nnse water used Manufactunng costs can 
therefore be reduced and effluent volumes can be 
nurumlsed In adchtlon, the modular deSign of such 
equIpment allows for local and more profiCient extractIon 
Consequently, honzontal processmg for the desmear, 
"maktng hole conducbve" (MHC) and Imagmg stages of 
the PCS manufactunng procedure have become welt 
estabhshed 
One part of the procedure has. however, largely 
remruned vertical, namely aCid copper electroplatmg, and 
thiS has led to a bottleneck occumng at tlus stage of 
processtng Desmear and MHC can take as httle as 15 
nunutes. whereas vertical DC electroplatIng plus pre-
treatment wIll take, at the least. an hour and normally 
longer. and thiS does not take mto account the ttme requued 
to Jig the boards It has therefore become cntIcal for the 
PCS IDdustry to develop high speed electroplatmg so that 
the reductIOns ID cycle time offered by honzontal 
processmg can be fully realIsed 
The throwmg power (I e the ratIO of the electroplate 
thickness ID the centre of the hole to that on the surface) IS 
probably the most cnttcal factor ID the electroplatIng of a 
PCS as thiS wIll dIctate the length of hme necessary to plate 
a given board At, for example. 50 percent throw the 
surface of the board Will have to be plated With tWice the 
reqUired thickness of copper so that the mInimum thickness 
can be obtamed ID the centre of the hole This IS not only 
inefficient m terms of processmg bme but can also cause 
problems ID the subsequent manufactunng stages due to the 
high copper surface thickness 
The Simplest way to mcrease throwmg power IS to 
reduce the current density Although thIS IS a more efficient 
way of platmg, the exceSSIVe processmg bmes, does not 
make It. m most cases, commercially deSIrable Owmg to 
the constramts of Faraday's laws there IS only one way to 
achieve a given thickness of electroplate m a shorter time. 
and that IS to operate at higher current densities However. 
to achIeve thiS Without bumtng (I e reachmg the hmltlng 
The current ISSue and tun text archrve of ttllS JOUmallS available at 
http~/www.emerald-Iibrary (.mIIt 
current density for copper deposItIon) and Without loss of 
throWing power and dlstnbutlon reqUires the optlmlsatlon 
of the following parameters 
Electrolyte chemistry both orgamc and morganlc 
Cell configuratton - to obtam the best possible solution 
flow at the board surface and through the Vias and holes 
of the PCB 
Anode deSign 
Current dehvery, I e either DC or pulse 
This paper revIews the fundamental electrochemlcal 
pnnclples of aCid copper electroplatmg It then shows how 
these pnnclples have been used to develop both new 
electrolytes and cell deSigns for hIgh speed electroplating 
The fundamental principles of acid 
copper electroplating 
The function of additives In an acid copper 
electrolyte 
The deSired reaction at the cathode of an aCid copper 
electroplatmg solution IS the deposlbon of copper 
eu2+ + 2e- _ Cuo, 
and at a phosphonsed copper anode 
Cuo - 2e- _ Cu2+ 
However. mdustnal aCid copper electroplattng baths also 
contain chlonde Ions (Cn. and orgamc additives To 
understand why these are added It IS necessary to conSider 
these reactions m more detail 
The electrodeposltton of copper from an aCid sulphate 
electrolyte occurs vIa a two-step process (Healey et ai, 
1992) 
1 Cu2+ +e- _ Cu+, 
2 eu++e-pCuo 
ReactlOn liS the slow rate detenDlnmg stage of the process, 
whereas reactlon 2 occurs relatively rapIdly 
The chlonde Ion has an important role to play ID these 
reactlons In the absence of any other additIVes It will 
promote the reduclton of copper at the cathode (Mtlad and 
Lefebvre. 2000, Pearson and Denms, 1990, Tam and 
Chnstensen, 1988, Goldbach et ai, 1998) This effect 
IS l11ustrated m Figure 1 where the copper deposltlon 
reaction IS shIfted to more posItive potentlals m the 
presence of chlonde This may be due to the formatIOn of 
CI-Cu2+_surface hgands rather than the H20-Cu2+-surface 
hgand that eXIsts lR a chlonde free bath The former hgand 
has a shorter bond length, altowmg for greater actlvatlon 
energies and thus copper deposltlon becomes somewhat 
easier However. If polyethylene glycol or SImilar type 
compounds are present tn the platmg solutIon (normally 
termed as carners or suppressors), the effect of chlonde IS 
completely the reverse of the above and It Will mhlblt 
copper reductton (Healey el al , 1992. Mllad and Lefebvre, 
[19) 
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FIgure 1 
Effect of chloride concentration In a copper stock solution 
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2000, Pearson and Denrus, 1990. Tarn and Chnstensen. 
1988, Melrucla, 1988; Loshkarev and Govorova, 1998. 
Hope and Brown, 1996. Stoychev and Tvestanov, 1996, 
HIll and Rogers, 1978), I e It Will shift the copper reduction 
reaction to more negatJ.ve potentlals, as shown ID Figure 2 
It IS considered that thIs IS due to the formatJ.on of polymer-
Cl" complexes that are more easdy adsorbed on the surface 
of the cathode than the polymer alone (lDdeed Figure 2 also 
mdEcates that ID the absence of chlonde the polymer has 
almost no effect on copper depoSItion) It IS thought that 
these adsorbed complexes either mlublt mass transfer of 
copper IOns to the surface of the cathode. or may simply 
reduce the number of avallable Sites on which copper 
reduction can take place (or posSibly a combmatlon of these 
two may occur) 
Another component of the aCid copper electrolyte IS the 
bnghtener Bnghteners (or thelf breakdown products). 
which are present ID an electroplatmg bath at levels of 
typically ppm levels. are thought to accelerate the reduction 
of copper Ions (see Figure 3) Used ID conjunctIon With the 
carner polymers and chlonde Ions, these bnghteners will 
produce a bnght copper depoSit With good mechamcal 
FIgure 2 
properties (elongation and tensile strength), that are capable 
of wlthstandmg the ngorous thermal cycle testing applted 
to PCBs 
The topography of the copper lammate surface of a PCS 
to be plated can be Pictured as a senes of peaks and valleys 
On entenng the plating bath the polymer-Cl complex 
adsorbs uruformly over tlus surface However, the copper 
bnghtener complexes wlll then dtsplace the polymer 
pnmanly from the low current denSity regIOns, I e the 
valleys on the surface of the board and the through holes 
Agam, the exact mecharusm for thiS displacement IS 
unclear It IS known that bnghteners have a great affiruty 
for copper and It may Simply be easier to displace the 
polymer-Cl complex from these low energy SiteS than from 
the high current densJty peaks where the complex may be 
more strongly absorbed 
In tins scenano copper depoSition IS mhlblted m the high 
current denSity areas due to the presence of the polymer-Cl 
complex. and accelerated ID the low current density areas 
Thus a smooth, bnght evenly dlstnbuted copper depoSIt. 
With good crystalhne structure. IS fonned on the surface and 
through the holes of the PCS 
Effect of chlOride concentration In a copper stock solution with carrier 
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FIgure 3 
Effect of brightener concentration In a copper stock solution With carrier 
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The electrochemlstry of acid copper 
electroplating 
Consider the cathodIC reacUon 
Cu2+ + 2e- -+ CUD 
As already descnbed, thiS IS a far from SImple process Not 
only IS It probably a two-stage reduction, but also the 
copper Ions may be complexed With hgands such as water, 
bnghtener, eamer, eblonde, ete Thus, cbarge transfer 
energy must be overcome In order to reduce the copper Ion 
to metal ThIs first part of the cathodiC potennal (E)- current 
(I) curve IS srud to be under charge transfer control and the 
charge transfer energy (act) wlll obey the cathodiC Tafel 
equabon 
q", = 2 303RT logIo _ 2 303RT 10gl 
nF nF 
Where. 
to = the exchange (or eqUdlbnum) current denSity, 
I = the local current denSIty. 
R = the gas constant, 
T = the temperature (K), 
n = the number of electrons. 
F = Faraday's constant, 
and 
Where 
Ea = the potential when current IS flOWing, 
Eeq = the equthbnum potential 
The slmphfied versIOn of the cathodiC Tafel equallon IS 
therefore 
"lad. =&- blogl 
Where a and b (the Tafel slope) are constants that depend 
on the mechanism of the reaCUon Thus. a plot of E agamst 
log I will produce a straight hne for thiS part of the curve 
Figure 4 dlustrates how the electroplanng additives Will 
mfluence the Tafel slope If camer and chlonde are present 
the charge transfer reacnon becomes more difficult and the 
Tafel slope Increases When bnghtener IS added, however. 
the slope decreases. Indlcatmg an accelerauon of the copper 
deposluon reacnon 
At a soluble copper anode the eqUivalent anodlC reactIOn 
IS copper Ion fonnauon and the charge transfer energy here 
IS that associated With the dlssolunon of copper Ions from 
the copper metal crystal lattice With Insoluble anodes the 
malO reaction would be the oXIdauon of water to evolve 
oxygen In either case the Simplified version of the Tafel 
equatIOn for an anodlc process IS 
71ad.=&+blogl 
As the potenual at the cathode IS Increased the reducnon of 
copper Ions wdl become faster The concentranon of copper 
Ions near the electrode surface wIll rapidly deplete and a 
concentraUon gradient wdl be estabhshed For copper 
platmg to proceed. copper Ions must be transported from 
the bulk electrolyte to the surface of the cathode The 
process IS now said to be under mass transfer control 
The Nernst diffUSIOn layer IS most often used to descnbe 
thiS concentraUon gradtent. and a hnuung current (IU for 
copper deposluon wIll be reached when the metal Ion 
concentranon at the cathode surface (eo) falls to zero TIllS 
limiting current IS descnbed by the Nernst-Fick equatIon 
where, 
nFDc" 
'L= 0.11 -.)' 
D = dtffuslon coeffiCient, 
Cb = concentraUon of copper Ions In the bulk soluuon. 
6N = Nernst dIffuSIOn layer thlcJcness. 
t = the transport number (which for a highly 
conductive electrolyte, as IS the case In aCid copper 
electroplanng, IS regarded as zero) 
Methods to achieve high speed plating 
The prevIous sections have detruled the fundamental 
pnnclples of aCid copper electroplatlDg In the follOWing 
sections It Will be shown how these pnnclples have been 
used to develop a high speed electropJanng process 
Chemistry 
When operating at hIgh current denSIty the IDorgamc 
components and bath temperature become more cnucal and 
the mass transport hmltlng current for copper depoSition 
must be raIsed to prevent bumtng From the Nemst-Flck 
equauon It IS apparent that a higher copper concentrallon in 
the .electrolyte at a somewhat elevated temperature should 
Improve thiS sltuatlon, I e both Cb and D from the equatIOn 
wIll be ra.Jsed respectively which ID turn wIll IDcrease IL 
and therefore the poSSibility of burnIng IS reduced In 
addItion, a higher sulphunc aCid concentration wJlI Increase 
the conductiVity of the soluuon and thus Improve both the 
throwmg power and dlstnbutton at hIgh current denSity 
(21) 
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Figure 4 
Tatel plots - dIrect current 
- Copper stock + chlonde 
Copper stock + chlonde + carner + addlb ve 
- Copper stock + chlonde + earner 
-
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Log! 
Source: After Mllad aod Lefebvre (2000) 
The chOice of additives also becomes more Important at 
high current denSity since achlevlOg a bnght umfonn 
poJycrystalhne depoSit IS more difficult under these 
conditions usmg conventional bnghtener/camer systems 
Shlpley Ronal's honzontal electroplatmg suppressor system 
uses a umque bnghtener/camer combmatlon that allows 
excellent depoSit charactenstlcs to be achieved at high 
current denSity It IS specifically deSigned for the use m 
pulse plating that Will be descnbed later 
These organic components will also affect the throwmg 
power and dlstnbutlon smce what IS effectively bemg 
measured IS the change 10 current density With potential, or 
the Tafel slope for the cathodiC reaction From Figure 4 It 
can be seen that the addition of carner and bnghtener Will 
mcrease the Tafel slope when compared to stock solutIon 
alone, and thus an Improvement m throwmg power wIll be 
seen Although the addition of carner alone causes the 
greatest mcrease ID the Tafel coeffiCient, the deposit 
obtamed Will not have the deSired mecharucal propertIes 
Cell configuration 
It IS qUite clear from the pnnclples detaIled above that 
successful high current denSity platmg reqUiteS excellent 
solution flow Agam, reference to the Nernst-Fick equation 
mdicates that thts Will lower 8N and therefore IOcrease IL 
The best way to achteve thiS IS by usmg a honzontal module 
where excellent solution flow at the board surface and 
through the holes of the PCB can be achteved by pumping 
the electrolyte through spray bars, eductors, flood boxes, 
etc In addition, to obtam the best poSSible dlstnbunon and 
throWing power It IS also necessary to make the anooe to 
cathode distance as small as poSSible to reduee voltage drop 
Anode design 
The earlIest honzontal plating machlOes used titanium 
basket anodes filled With phosphonsed copper pellets 
However, these proved problematiC due to the follOWing 
Mamtenance 
The anodlc reaction ID such a set up IS copper dtssolutJon 
Hence, the copper pellets ID the tltamum baskets are 
gradually consumed and need replacmg at regular IOtervals 
In vertical electroplatmg thts can Simply be done by 
dropping copper pellets mto the top of the basket, and can 
even be achieved whIlst platmg IS ID operatIOn In 
honzontal processmg, however, thiS IS not poSSible, and the 
machme has to be shut down whtlst the anode baskets are 
pulled out and refilled With pellets 
SolutIon flow and agitation 
To achieve the high current densIties desIred for honzontal 
plating, good solution flow at the cathode IS required to 
prevent bummg, and to allow for good throwmg power and 
platmg dIstnbutlon 
The "baggmg" or screerung of soluble anodes IS 
essentIal to prevent the black anode film fonned dunng 
their operatIon entenng the bulk solution, and It IS even 
more cntlcal m honzontal platIng smce, dunng down tIme, 
the upper anodes dry out This film then becomes a powder 
and. when the maclune IS re-started, It would become 
dispersed mto the electrolyte Ifbaggmg were not employed 
Honzontal processmg nonnally allows for excellent 
solutIOn flow at the surface and through the holes of a PCB, 
With the combmatlOn of flood boxes and spray bars 
However, If bagged tItamum baskets are used, such a 
system becomes more problematIc and solution flow has to 
be dIrected around these obstacles Under such conditions 
problems at the anode can result smee, at htgh potentIals 
with poor solution flow, the hnutIng current for copper 
dissolution reachon wIll be reached and lOstead oxygen 
evolution will occur TIus will qUickly lead to passlvatlon 
of the anode and platlOg wdl be detnmentally affected 
Anode size and pOSItion 
One of the malO contnbutlons to good plating dlstnbutlon 
and throwmg power IS the Size and posItIon of the anodes m 
relation to the cathode Ideally, the anode should be placed 
as close as poSSible to the board to attaIn these ends, but 
With tItamum baskets thiS IS difficult because of the baggmg 
and the need to allow adequate solution flow to the board 
Good platIng dlstnbutlon can be helped With the use of 
anode shields that redlstnbute current from high to low 
current denSity areas However. for these to work 
effecbvely the anode should be of a constant shape With 
soluble anodes, the diSsolution of the copper pellets means 
that the shape of the anode wdl gradually change With time 
and therefore the current dlstnbutlon will follow sUite. 
Smce the anode shields are ID a fixed posItion they will now 
be wrongly posItioned and the surface thtckness dlstnbutlon 
may become senously effected 
Owmg to these problems, It was qUIte clear that a 
fundamental change ID the type and design of the anodes 
was reqUired and thts was achieved by the use of lOsoluble 
anodes 
Insoluble anodes (10 some specific cases tenned as 
Dimensionally Stable Anodes - DSAs) are generally made 
by coatmg a tltamum mesh With a conductive metal OXide 
(typlca1ly tndlUm dioxide) Since they are mso1uble they 
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Agure 5 
Typical pulse penodlc reverse wave form 
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Figure 6 
latel plots - pulse periodic reverse 
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Plate 1 
90pm deep vias plated In hOrizontal equipment usmg msoluble anodes and PPR technology Electrolyte - Copper Gleam 
PPR·H. fwd rev time (ms) - 20 1 O. fwd current density - 6 0 Adm-2 
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(24) 
require almost no mamtenance. except for replacement at 
the end of their hfeume (several nulhon amp hours) No 
anodlc film IS formed on them and so there IS no problem 
when they dry out and no need to bag them Consequently. 
filtration becomes less of an Issue 
The anodes can be fabncated as a mesh, which allows 
solution to be pumpedlsprayedleducted, etc. directly 
through them Therefore. solution flow to the board and 
through the holes IS excellent, allOWing for good throwing 
power and dlstnbutlon at high current denslues These 
factors are also Improved by the posslblhty of placlDg the 
anodes 10 much closer proximity to the cathode and the fact 
that any anode shields employed remam effecttve smce the 
anode shape IS constant 
Smce the anode reaction IS now oxygen evolutIOn rather 
than copper dissolutIOn, there Will be a drop m copper 
concentratton as platlDg proceeds. Therefore, a copper 
replenishment system IS reqUired One method IS to add 
copper OXide power The powder is automatically added to 
an offlme nuxmg tank accordmg to the number of amp 
hours passed and the replenished solution IS then pumped 
back mto the bulk electrolyte Thus the copper 
concentratIOn IS kept constant This IS a Simple method that 
IS rapidly grumng ID f!'pulan! and proVides stOlchlometnc 
replemshment of Cu • and 0 Ions 
Pulse and pulse per[odlc reverse (PPR) 
platIng 
Pulse platmg, ID Its most Simple fonn. IS the mteroptlon of 
the cathodiC current by a short "off" time In aCId copper 
electroplatmg, however, most of the more recent work has 
IDvolved the use of pulse penodlc reverse (PPR) plating 
where a short anodtc pulse IS mtroduced mto the cathodiC 
current TIllS IDtroduces a whole new range of factors that 
can be used to further optlmlse the plating process, for 
example 
The time ID the cathodtc mode and the tIme ID the 
anodlc mode - often the cathodiC time IS 20 times that 
m the anodlc (e g lOmsec to OSmsec) 
The ratio of the cathodtc to the anodlc current denSlty-
the anodlc current denSity IS usually of the order of 2·3 
times the cathodiC current denSity 
The shape of the wavefonn - Figure 5 shows a typiCal 
waveform 
PPR platmg WIll affect both the mass transfer and charge 
transfer reactions ID aCid copper electroplating If we agaID 
conSider the Nernst diffuSIOn layer then It WIll be seen that 
the hmltmg current IS reached as the depletion of copper 
Ions due to depoSItion exceeds the replerushment of those 
Ions by mass transfer However. If a short anodlc pulse IS 
mtroduced mto the process then the diffuSion layer near the 
board surface becomes nch ID copper Ions dunng this Ume 
and "6N ". from the Nernst·Fick equation decreases. 
allOWIng much higher current denSIties to be employed The 
anodtc pulse Will obViously follow the same hnes of flux as 
the cathodiC current. Therefore areas of high current denSity 
(e g the edges of the board, the corners of holes) wdl 
receive a high anodlc pulse and thiS, of course, IS exactly 
where the hmltlng current most needs to be I'8lsed Greater 
dissolutIon of copper Ions wIll occur from these high 
current density regIOns as compared to the low current 
denSity regions (e g the centre of the board and the through 
holes) and this may also play a small part in equallsmg the 
copper thickness ID these respective regions 
The charge transfer reaction IS affected by the anoelic 
pulse due to desorptton of the orgaruc additives It has 
already been mentioned that when plating at tugh current 
denSity the bnghtener Species tend to displace the 
suppressmg carner complexes not only from the low but 
also from the high current density regions ThIs scenano 
leads to poor levelhng, wstnbutlon and throwmg power. It 
has already been descnbed how the use of a more strongly 
adsorbed carner can Improve this Situation but the use of 
pulse plating gives us another tool. Studies (Mtlad and 
Lefebvre, 2000, Pearson and Dennls. 1990) have shown 
that dunng the anodlc pulse the bnghtener wdl be desorbed 
from the high current denSity areas but much less so from 
the low current denSity regions In addition It was observed 
(Pearson and Denms. 1990) that the camer.chlonde 
complex rernalDed largely unaffected by the anoelic pulse 
Figure 6 further Illustrates these findmgs and It can be seen 
that the Tafe! slope for the PPR electrolyte has been 
slgmficantly mcreased ID the high current denSity areas and 
Plate 2 
2 4mm thick, 0 35mm dIameter CondItions as above 
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tlus will be translated mto Improved throwmg power and 
dlstnbutIon 
Plates 1 and 2 Illustrate the type of throwmg power 
achievable when usmg pulse plating at high current denSity 
TItrowmg power m excess of 100 percent IS commonplace, 
makmg pulse platIng one of the key factors ID enabhng the 
development of high speed aCid copper electroplatmg 
Conclusions 
By careful conSideratIon of the fundamental pnnclpies of 
aCId copper electroplatIng, It has been posSIble to hlghhght 
a number of factors whIch are cnucal to the development of 
high speed electroplatIng 
Electrolyte optllDlsatIon - the lDorgamc electrolyte 
matnx and orgamc additIve system must be tailored to 
the specific needs of high current denSity platIng 
Honzontal processmg - allowmg for effiCient solutIon 
flow to the board surface and through the holes and vias 
of the PCB 
Anode deSign - to obtam the maximum benefits from 
the excellent flUid dynamiCS achievable With honzontal 
processing requires the use of IRsoluble anodes In 
addition these are low mamtenance and allow the high 
anodlc current denSIties reqUired for high speed platmg 
Pulse penodlc reverse platIng - allows for exceptIOnal 
throWIng power and dlstnbutlon to be achteved at high 
current denSity 
PuttIng all these factors together has led to the development 
of honzontal aCid copper electroplatmg modules which 
utIlise msoluble anodes, pulse penodlc reverse current 
delIvery and umque electrolyte chenustry Thus high speed 
plating of PCBs IS now possible and contnbutes to the 
attamment of the fully conveyonsed PCB manufactunng 
process. 
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ANODES FOR ELECTRODEPOSITION. 
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Anodes are an essentlal part of an eleclrodeposltlOn process but have not 
always been gIven adequate attentIOn. In thIs Tutonal Note theIr role, 
reactIons and IdentIty will be dIscussed and some future developments mdlcated. 
INTRODUCTION. 
UntIl recent years anodes have been amongst the least considered components in an 
electroplating process and in early textbooks very little space was given to their use, design 
etc (-2% in Blum, Field and Lainer's books). Nowadays, It is usual to formulate solutions 
with the anode in m10d and to select the anode to m10imlze the overpotentral and to 
maximize the cell conductivity in order to optimlze power consumption In this paper we wIll 
look at the types of anode used and the principles and reactions involved, examples amongst 
the commonly depoSited metals of anode practice, and present and future developments for 
more effiCient anodes. A full account of electroplating anode theory can be found elsewhere 
[1]. 
TYPES OF ANODE. 
There are baslcaIly two types of anode m long-term regular usage but some other options do 
exist and remain future possibilIties 
Soluble anodes are the cheapest and easiest option for solution replemshment They 
generally dissolve m the lowest valency state, usually with high efficiency, but may be 
subject to oxide filming or passivation in which case the film acts as a protective barrier 
which in tlus instance is undesirable It is removed by using depassivating components in the 
solution, either chlonde IOns (eg. in Watts nickel solution) or excess complexant (eg cyanide 
solutions or additional complexants (eg. tartrate as Rochelle salt m gold cyanide solutions) If 
the metal dIssolves With difficulty because it is very pure, alloying additions to the anode 
metal are feasible to aId smooth or levelled dissolution (eg depolarised'S' nickel anodes). 
Four main reactions may take place. 
2 
3 
4 
ROLE REACTION 
Metal dIssolution and M = M'" + ne 
solution replenishment 
Oxygen evolution 
Redo", Ion oxidation 
Passivation filming 
pH>7 
pH<7 
40H" = 2H,O + 0, + 4e 
H,O = 2~ + %0, 
M'" = Mn+I)+ + e 
2M+O,=2MO 
TYPICAL EFFICIENCY, % 
90-98 
0-2 
0-3 
0-3 
Redox oxidation is not as serious as might be supposed because It is generally reversed at the 
cathode as part of the cathode inefficiency but does use current and may have to be 
accounted for if a careful mass balance is determined. Passlvation filming should be avoided 
because it Wlll InhIbIt dissolution leading to Increased oxygen evolutIOn which In turn may 
cause film spalling which Increases sludge production thus raising the load on filters 
Insoluble anodes usually generate oxygen (chlonne is possIble In chlonde solutions) In 
completIng the circuit but may also oxidIse metal ions to a higher valency state, raise 
dissolved oxygen levels, oxidise addItIves and complexants (eg. cyanide oxidised to cyanate 
and then carbonate) The main reactIOns are. 
ROLE REACTION 
2 Oxygen evolution pH>7 40ff = 2H,O + 0, + 4e 
pH<7 H,O = 2W + \1,0, 
M"+ = ~.+I)+ + e 
2M+O,=2MO 
TYPICAL EFFICIENCY, % 
0-2 
0-3 
0-3 
3 
4 
5 
Redox ion oxidation 
Passivation filming 
Additive madatlon R + H,O + 0, = RCOOH + RCHO etc <0 I 
It IS clearly necessary that insoluble anodes are not attacked, either physically by spalhng or 
chemically by solution constituents, because this leads to solutIOn contamination, and that 
they allow high conductiVIty passage of current. 
A number of different matenals have been used beyond the early choice of cast iron. 
ANODE MATERIAL CHARACTERISTICS 
Graphite Conductive non-metal, liable to spaII placeing demand on filtration 
Sihcon Iron (14- I 8% SI) Hard and bnttle, must be cast to desired shape 
Leadllead dioxide Lead when used anodically developes a film ofPbO, winch IS stable dunng use 
Alloys oflead (5-7% of Sb, Sn, Ag) give unproved shape stability Used 
in chrorruum electroplatmg 
Stainless steel 304-type can be used for gold-cyanide solutions, for chloride solutIOns a 
316/3 17-type cont.lOing 1-3% Mo is preferable to avoid pitting attack 
PlatlOized titaruum Platmum is clearly too expensive and titanium develops a resistive 
surface film 
Platinized tItanium is an excellent compromise and can be used for anode baskets It has 
given rise to a family of coated tItanium materials whose development has arisen primanly 
from chlor-alkali techology and cathodic protection engineering SubstantIally in seawater 
condItions. Therefore, It must be appreciated that their use in electrodeposition is a bonus 
and not through dedIcated research and development. 
PRESENT ANODE PRACTICE [1]. 
Cadmium is no longer a major metal finishing process but It has employed primarily cyanide 
solutions and soluble cadinium anodes Anode efficiency is often <100% due to cyanide 
oxidation to form carbonate and formation of a whitish film. When the film darkens to be 
blackish the increased polarisatIOn observed can be corrected by adding excess cyanide to the 
solution 
An alternative fluoborate solution has been used, especially If hydrogen embrittlement must 
be avoided, soluble cadinium anodes are normal. 
Chromium electroplating technology has never utilised soluble anodes for three Important 
reasons. Firstly, the very low cathode efficiency typically 15-25% would cause soluble 
anodes to substantially over replerush the solution. Secondly, the replenishment woild be 
with Cr+ ions not the usual hexavalent crO/". Thirdly, because chromium metal IS so brittle 
Wrought anodes are not possible and the limitation of always using cast anodes of a high 
melting point metal is not viable Lead pretreated anodically to form a film of brown PbOz is 
usually used and the film is only unstable ifleft overnight in the tank when it slowly converts 
to yellow lead chromate PbCr04• The best practice is to keep the anodes overnight In rinse 
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water tanks although the trade has a habit of applying a large current to 'blow off the yellow 
film' which wlule effectIve generates sludge unnecessarily 
Lead IS a soft metal wluch m warm platmg solutions for long penods can creep and change 
shape The creep effect is minimIzed by usmg hardened lead achieved by alloying with 5-7% 
of antimony, tm or silver None affect the anode performance and antimony is generally 
preferred on economic grounds. No alternative to lead has been found, either because it IS a 
very cheap metal despite Its Iugh density, or because of its vItal role of being capable of 
oxidlzmg residual trivalent chromium to the hexavalent form thereby contolling the build-up 
ofCr3+. 
Tnvalent chromIum processes are dIfferent and a number of options have been used 
includmg graphite and lead within a membrane divider compartment, choice depends 
cntlcally on the chromIum salt employed and the consequent anode reaction. 
Copper represents one of the simpler cases of using soluble anodes despite the fact that as 
many as four solution types can be m commercial use - acid sulphate and fiuborate, neutral 
pyrophosphate and alkaline cyarude. The anodes do film a little With black-brown films but 
they are not passivating and do not represent a hazard which cannot be handled by an anode 
bag practice. Such bags are usual because the anodes may contain mclusions of oxide or 
sulphide which are advantageous to smooth dissolution and SlIver which is collected for 
refining 
Filming can occur Iflow uncombined cyarude is involved in which case tartrate complexant 
(Rochelle salt) is used as an addition. 
Gold represents a specIal case in that being so expensive its use as a soluble anode is usually 
avoided for inventory and security reasons. The preferred insoluble anode is stainless steel 
and relatively httle difficulty arises It should be emphasised that gold could technically be 
used in cyarude solutiOns although in the case ofthe 'acid' golds (ie. pH 4-7) the lack of 
excess cyanide may demand the addition of Rochelle salt (sodium-potassium tartrate) to 
ensure that smooth dissolutIon occurs. 
Nickel has to be used in the Watts solution at pH 3-5 to ensure that the cathode deposition 
efficiency is high and that no hydroxide precipitation occurs. At these pH values there is a 
tendency for passivation to take place but this is avoided in the Watts formulation by having 
part of the nickel salt added as chloride, typically 30-50 !¥1, amongst the main constItuent of 
nickel sulphate at 250-350 !¥1. A different problem exists in the sulphamate solution 
especially when used at high concentration (eg. 700-900 !¥1) for high current e1ectroforming 
when the nickel anode reaches its limiting current density for dissolution. While it IS poSSible 
in principle to overcome this effect by increasing the anode area by 3-10x or by having 
enhanced agitation at the anodes in practice this is impractical. The problem is overcome by 
using depolarised nickel anodes known as 'S' nickel; these contain inclusions of sulphide 
(0.05-02%) which promote dissolution and it is known that other such inclusions (eg. oxides) 
would also be effective. However, the sulphides are naturally incorporated dunng 
electrorefining of the nickel by breakdown oflevelling agents so there is a degree of 
convenience for the nickel mining companies made a virtue in the 1960s and copyrighted I 
Such nickel is used widely as squares and rounds in platinized titanium baskets. 
Silver is still deposited primarily from cyanide solutions although non-cyanide has long been 
sought, eg thiosulphate. Soluble silver anodes of>99.9% punty are usual and annealed fine 
grained structures preferable to mmlmlse grain bOlmdary dissolutIOn and spalling wastage. 
Passlvation due to Ag20 or AgCN formation is common and is avoided by use of greater 
cyanide concentrations. 
Tin has a number of optIOns amongst winch aCid solutIOns (sulphoruc acid or 
chlonde/fluoride based) are usual for tmplate production and alkahne stannate solutIOns 
common for rack and jig plating although there are some attractive bnght acid formulations 
For acid solutions soluble anodes are usual and have no problems, small areas of insoluble 
anodes are used to reduce the anode effiCiency to -96% which may traditionally be silicon-
iron or nowadays iridium-oxide coated titanium. 
The alklalme solutions can have a major passivity problem. It is overcome WIthout makinh 
solutIOn additions If possible by controlling the anode area and potential (see Fig. 3) so that 
dissolution takes place m the high current density/ high potential range to yield tetravalent 
stannate ions. Best practice is to lrutially use very high currents (winch generate much 
oxygen) and to lower the current mto the black-film regIOn. Appearance of a grey film 
indicates dissolutton as stannite and musy be avoided. 
Use of alloy anodes (eg. Sn-l% Al) has been studied and undoubtedly aids the dissolution 
process but does cause bUild-up of alloy element in solutIOn: it has not been widely practiced 
Insoluble anodes of mild steel or stainless steel can be used to adjust the overall anode 
efficiency. 
Zinc has much in common with tin in that several solution options eXIst and ate used - acid 
chlonde and sulphate for electrogalvanizing, and alkaline zincate and cyanide for rack and 
barrel plating. The acid solutions dissolve zmc well although fine grained zinc IS preferable 
of high purity. Insoluble anodes of lead, containing 0 5-1 % Ag, are used m electrowinrung 
(the Tainton anode) and can be further employed to mamtain anode efficiencies. 
Alkaline solutIOns can cause pasSIVity from pH 7 upwards but cyarude aids dissolution and 
thiS is a virtue of those solutions. The tendency to eliminate cyanide has created an anode 
difficulty but by holding pH>13 passivity can be avoided. As in the case oftm, high purity IS 
preferable although Al as an alloying element at -1 % is advantageous and has been justified 
by Its use in solutIOn as a conductlVlty salt. 
CURRENT DEVELOPMENTS. 
The search for alternative anodes has always been active but has not been strongly driven 
because the incentive IS small. Such incentives are technical in order to produce a cleaner 
simpler anode and economic to find an anode which is cheaper or uses less power (le. lower 
voltage) to dnve the cathode determining current. (It should be remembered that buying 
metal as a salt to be dissolved in solution is cheaper than buying anode metal although the 
latter is cheaper and easier to use). 
The ideal is to find a cheap consumable anode which in some way lowers the anode 
(over)potential and which does not contaminate the process solutions. The archetype anode is 
graphite which is essentially cheap and which by reacting as an otherwise insoluble anode 
with the anode product oxygen can reduce the thermodynamic anode potential. It ia an 
architype because it has been used since 1890 in the extraction of aluminium from molten 
cryohte melts at 900C as the Soderburg electrode, the anode reaction being in two steps' 
202-=02+ 4e 
O2 +2C= 2CO 
The thennodynamic potential in thts case IS reduced from -2 2V to -1.2V. The anode IS 
consumed and the Soderburg system provides for Its renewal However, while it is 
thennodynamically favourable for aqueous electrodeposltion its kinettcs are urtfavourable at 
ambient temperatures. 
However, other gas electrodes have been proposed notably the hydrogen anode which has 
been part of the Fuel Cell technology since 1970. The preferred anode fonnat is to bubble 
hydrogen through a porous anode metal from the back; oxygen evolutIOn IS now sequenced 
by hydrogen reduction With consequent lowenng of potential 
O2 + 2H2 = 2H20 
Other poSSible gases mclude methane, propane, alcohol etc not to mention bromme l TheIr 
common feature is hazard and thiS IS why they have been not Widely exploited. 
A closely related concept has been to replerush solution by chemical dissolutIOn aided by 
oxygen The principle IS to encourage 'chemical' dissolutIOn of metal but to drive It 
galvarucally by oxygen which depolarises the coupled cathode reaction 
anode. M = M2+ + 2e cathode: 2W + Yz02 + 2e = H20 
Such a process may be accelerated by external applicatIOn of a current. It has been used In 
copper processes used In PCB-related processing and a tinplate process usmg this technology 
has been propsed in Japan and Italy. 
The other development IS a cntical study of the catalytiC surfaced tltaniun anodes. When 
platinized titanium was introduced its virtues were clear and the advent of more strongly 
catalysed electrodes welcomed uncritically so that mixed OXide of iridium oxides have been 
used as 'the best' [2-3]. But best for what? The evidence is that they strongly depolarise most 
anode reactions which besides oxygen evolution could Include other solutIOn constituents 
notably organic compounds added as levellers, bnghteners and surfactants Consequently, the 
consumption of these constituents has increased to what is becoming an unacceptable ltmlt 
and the virtue of the anodes has been called into question. The answer IS to find less active 
anodes [4] or to add further additions to solution to inhibit or divert the tendency to OXidise 
organics [5] This problem has yet to be satisfactorily solved 
The commerCially available anodes include. 
Base metal Titanium, niobium 
Coating Oxides ofRu, Ir, Os, and 'mixed' oxides 
The substrate for electrodeposition is almost Invariably titanium and choice relates to the 
solutIOn's general corroslVlty; niobium may be preferred for chlorine generating processes 
and if a Iugh voltage is beIng used The coating is usually produced with high temperature 
depoSition and diffuSIOn and service life is not at issue The usual criteria for acceptance IS 
the value of overpotential for anode reaction (see Fig ). This is obviously different for 
different reactions, (eg. oxygen or chlorine evolution) so there will not be a universally 
agreed best anode, althouigh iridium oxide has often been cited as best for electrodepositIOn 
A more closely defined criterion however is desirable which refers to secondary reactions 
which are usually similarly catalysed. A fuller account can be found elsewhere[ 4] 
Amongst unsatisfied needs the problem of oxidising Cc+ ions to Cr042. ions remains most 
demanding. The classical PbIPb02 anode IS still preferred, in fact is still the only really 
effective option, but some new materials are bemg developed Diamond coated titanium 
anodes have recently been cited for this purpose [6] and their service life and efficiency data 
will be the deciding factor. 
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